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Résumé/abstract 
Cette thèse s'inscrit dans un contexte où une information sur l'état biophysique des écosystèmes 
forestiers à des échelles spatiales que seule la télédétection est en mesure de fournir est en 
demande plus que jamais auparavant. Afin de fournir des informations fiables par des approches 
validées, la communauté de recherche en télédétection reconnaît que des méthodes innovantes 
sont requises, surtout dans le cas des milieux hétérogènes comme les savanes. L'émergence de 
nouvelles technologies comme les scanneurs LiDAR terrestre (TLS) et l'augmentation des 
capacités de calcul des ordinateurs qui permettent aux modèles de lancer de rayons d'effectuer 
des simulations avec de plus en plus de réalisme sont des atouts de grande valeur dans la 
poursuite d'une meilleure compréhension des processus en cause dans les mesures de radiance 
des capteurs satellitaires. La présente thèse exploite ces deux technologies de pointe pour 
l'estimation de la distribution de surface foliaire des arbres, élément clé de la modélisation des 
processus de transfert radiatif. La première partie de la thèse concerne le développement de 
méthodes pour estimer la distribution tridimensionnelle de surface foliaire dans un 
environnement de savane à partir de mesures TLS. Les méthodes présentées traitent certains 
éléments liés aux mesures TLS qui affectent l'application des théories classiques (la probabilité 
de transmission de lumière et la fréquence de contact) à l'estimation de la surface foliaire par des 
méthodes indirectes. Ces éléments concernent la taille des impulsions laser émises par un TLS et 
les effets d'occlusion causés par l'interception d'impulsions laser par le matériel d'une couronne. 
Les méthodes développées ici exploitent aussi l'information supplémentaire apportée par la 
nature active du TLS par rapport aux méthodes passives comme la photographie hémisphérique, 
c.-à-d. l'intensité des retours d'impulsions qui offre la possibilité de distinguer l'interception 
d'énergie par le feuillage et par le bois. Une approche simplifiée de ces méthodes est aussi 
présentée pour favoriser leur utilisation par d'autres groupes de recherche. Cette approche 
consiste en une série de paramétrages et représente un gain significatif en termes de ressources 
requises pour produire les estimations de surface foliaire. La deuxième partie de la thèse explore 
le couplage entre les représentations de surface foliaire obtenues dans la première partie et un 
modèle de lancer de rayons pour simuler l'interaction de la lumière avec les couronnes d'arbres. 
Cette approche est tout à fait innovante et notre étude démontre son potentiel pour mieux 
comprendre les facteurs qui influencent l'environnement radiatif dans un milieu de savane. Les 
méthodes présentées offrent une solution pour cartographier la surface foliaire à l'échelle de 
l'arbre individuel pour de grandes surfaces à partir d'imagerie à très haute résolution spatiale. 
This thesis takes its place in a context where information on the biophysical state of forest 
ecosystems at spatial scales only remote sensing can retrieve is in demand more than ever. In 
order to provide reliable information using validated approaches, the remote sensing research 
community recognises the need for new and innovative methods, especially in heterogeneous 
environments like savannas. The recent emergence of terrestrial LiDAR scanners (TLS) and the 
increase in the computational capability of computers which allow running ray tracing model 
simulations with a high level of realism hold great potential to improve our understanding of the 
processes influencing the radiance measured by satellite sensors. This thesis makes use of these 
two cutting edge technologies for estimating the spatial distribution of tree leaf area, a key 
element of modeling radiative transfer processes. The first part of the thesis concerns the 
development of methods for estimating tridimensional leaf area distribution in a savanna 
environment from TLS measurements. The methods presented address certain issues related to 
TLs measures affecting the application of classical theories (the probability of light transmission 
and the contact frequency) to the estimation of leaf area through indirect means. These issues 
pertain to the cross-section of laser pulses emitted by a TLS and the occlusion effects caused by 
the interception of laser pulses by material inside the crown. The developed methods also exploit 
additional information provided by the active nature of the TLS sensor that is not available to 
passive sensors like hemispherical photography, i.e. the intensity of a pulse return offers the 
possibility to distinguish between energy interception by wood and foliage. A simplified 
approach of this method is presented to promote its use by other research groups. This approach 
consists of a series of parameterisations and represents a significant gain in terms of the required 
resources to produce the leaf area estimates. The second part of the thesis explores the 
combination of the tree representations generated in the first part with a ray tracing model to 
simulate the interactions of light with tree crowns. This approach is highly innovative and our 
study showed its potential to improve our understanding of the factors influencing the radiative 
environment in a savanna. The methods presented offer a solution to map leaf area at the 
individual tree scale over large areas from very high spatial resolution imagery. 
Mots-clés: Scanneur LiDAR terrestre, voxel, distribution 3D de surface foliaire, savanes, densité 
de surface foliaire (LAD), indice de surface foliaire (LAI), effets d'occlusion, paramétrage, 
cartographie de la surface foliaire, lancer de rayons, modélisation du transfert radiatif. 
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Avant-propos 
Cette thèse par articles comporte trois articles scientifiques dont, en date du dépôt de la thèse, un 
est publié, un a été soumis au processus de révision par les pairs, et un est en voie d'être soumis. 
Les trois manuscrits sont écrits en anglais. Les références exactes sont les suivantes: 
Béland, M., Widlowski, J.-L., Fournier, R., Côté, J.-F. et Verstraete, M. M. (2011) Estimating 
leaf area distribution in savanna trees from terrestrial LiDAR measurements. Agricultural 
and Forest Meteorology, vol. 151, n° 9, p. 1252-1266. 
Béland, M., Widlowski, J.-L., Fournier, R. et Verstraete, M. (2011) A parameterised approach 
for estimating leaf area distribution from terrestrial LiDAR measurements in savannas. 
Soumis au Journal Agricultural and Forest Meteorology. 
Béland, M., Widlowski, J.-L., Verstraete, M., Fournier, R. et Gobron, N. (2012) Mapping leaf 
area in savanna trees from Geoeye-1 satellite observations. À soumettre au Journal 
Remote Sensing of Environment. 
Les deux premiers articles concernent le développement d'une méthode pour estimer la 
distribution de surface foliaire dans des arbres de savane. Dans le cas du premier article, la 
méthode utilise une série de mesures par LiDAR terrestre et de modèles pour produire des 
estimations qui ont été validées par des mesures sur le terrain. Le deuxième article vise à 
simplifier la méthode présentée dans le premier article par un paramétrage de plusieurs étapes de 
traitement des données, permettant ainsi de favoriser son utilisation par d'autres équipes de 
recherche. Le troisième article concerne le couplage des représentations d'arbres créées à partir 
de la méthode présentée dans le premier article avec un modèle de lancer de rayon pour simuler 
l'interaction de la lumière avec les arbres et paramétrer une méthode de cartographie de la 
surface foliaire à grande échelle. Pour chacun de ces articles, j 'a i développé la majeure partie des 
nouveaux éléments méthodologiques, effectué l'acquisition des données et les traitements, et 
rédigé les manuscrits. 
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1. Introduction 
Le rôle des forêts mondiales dans la régulation du climat est maintenant largement reconnu et 
des mécanismes sont en place afin d'utiliser les forêts pour influencer le cycle du carbone. De 
plus, la deforestation à l'échelle mondiale s'est grandement accentuée dans les dernières 
décennies, et certaines régions sont nettement plus affectées que d'autres (FAO, 2006). La 
pression démographique et les avancées technologiques sont parmi les principaux facteurs qui 
ont favorisé la deforestation. Celle-ci est motivée en grande partie par l'extraction de la ressource 
en bois et la conversion de surfaces forestières en terres agricoles. L'échelle des phénomènes 
impliqués a fait de l'estimation et de la cartographie des paramètres forestiers une priorité aux 
niveaux global et national (FAO, 2006). La télédétection est le seul moyen disponible pour 
fournir l'information requise sur l'étendue, l'état biophysique, et la structure des forêts aux 
échelles spatiales appropriées. Ces besoins récents en information impliquent des aspects légaux 
et financiers (par exemple les crédits de carbone sur le marché des échanges de droits 
d'émissions), ce qui renforce les besoins en termes de méthodes de télédétection subjectives et 
d'approches validées et standardisées (Rosenqvist et al., 2003; Peter, 2004). Les recherches 
menées dans ce domaine ont relevé le potentiel et les limites des méthodes de télédétection 
existantes pour une gamme variée d'écosystèmes, des forêts densément peuplées et diversifiées 
des zones tropicales humides aux savanes arborées (Boyd et Danson, 2005). 
La télédétection concerne l'acquisition de données au moyen d'appareils mesurant différentes 
composantes du rayonnement électromagnétique ainsi que le traitement de ces données pour en 
tirer une information utile à diverses échelles spatiales. La nature et la qualité des données 
disponibles évoluent au rythme des avancées technologiques; notre capacité de traitement, elle, 
est limitée par notre compréhension des phénomènes en cause, et elle évolue au rythme de la 
recherche scientifique. Dans le domaine optique du spectre électromagnétique, la radiance 
mesurée par un capteur satellitaire pour une cible donnée est influencée par la composition de 
l'atmosphère, l'environnement de la cible, et les propriétés spectrales des éléments composant la 
cible, incluant la composante directionnelle. Dans le cas où l'objet étudié est la végétation, les 
propriétés liées à la cible et son environnement incluent celles liées à la composition des 
feuilles : le contenu en eau, la pigmentation, la structure interne, et les éléments biochimiques 
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(azote, protéines, lignine, et cellulose), et celles liées aux arbres individuels et au couvert : le 
nombre de feuilles, la forme des feuilles, et leur distribution spatiale tridimensionnelle, 
l'architecture des troncs et des branches, la fraction de trouées dans le feuillage, et les angles 
d'inclinaison des feuilles. Toutes ces propriétés influencent l'énergie réfléchie en fonction de la 
longueur d'onde et de la géométrie d'illumination et d'observation. 
L'étude des surfaces naturellement recouvertes de végétation est motivée par la compréhension 
du fonctionnement des écosystèmes, la prédiction de leurs réponses à des changements 
environnementaux ou des perturbations de source naturelle ou anthropique, et leur caractérisation 
pour des fins d'inventaire et de suivi. On utilise généralement des caractéristiques liées à trois 
composantes pour étudier le fonctionnement et suivre les changements des écosystèmes : 
structurelle, physiologique, et phénologique (Ustin et Gamon, 2010). Il s'agit de considérer la 
complexité des espaces naturels et celle des phénomènes impliqués pour saisir l'ampleur du défi 
de la télédétection de la végétation. Plus spécifiquement, le défi à relever concerne donc 
l'acquisition, avec les appareils appropriés et dans des conditions appropriées, de données et leur 
traitement pour produire une information utile pour l'étude et le suivi des écosystèmes. 
En général, les études de télédétection comportent une composante de traitement de données et 
une composante d'acquisition de mesures ayant un niveau de confiance relativement élevé, 
souvent effectuées sur le terrain, utilisées pour le calibrage de la méthode de traitement et/ou la 
validation des résultats. Toutes les mesures impliquent un certain niveau d'erreur, et il est 
essentiel de bien saisir ce niveau d'erreur de même que ses implications pour les résultats d'une 
étude et pour les conclusions qui en seront tirées. La validation des produits de télédétection 
consiste à estimer leur précision quantitativement; c'est un processus dont la nécessité est 
accentuée par l'utilisation de ces données dans la recherche sur les changements climatiques et le 
suivi environnemental dans le cadre des accords internationaux (Justice et al., 2000). Le besoin 
de recherche est donc important dans ce domaine, car ces produits ont un niveau de confiance 
très limité sans une évaluation indépendante de leur exactitude (FAO, 2002), et leur application 
comme outil de gestion et leur utilisation dans des modèles de changements climatiques 
nécessitent de connaître leur niveau de confiance. Les approches de validation pour passer de 
l'échelle des mesures quasi ponctuelles sur le terrain à celle des capteurs satellitaires nécessitent 
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aussi davantage d'efforts de recherche (Liang, 2004; Ustin et al, 2004), spécialement pour : 1) 
les milieux hétérogènes (Justice et al, 2000), 2) les savanes qui sont sous-représentées dans le 
réseau existant des sites d'observations au sol et des campagnes de terrain majeures (FAO, 
2002), et 3) les capteurs ayant une résolution spatiale de Tordre de 250 - 500 m (Armston et al, 
2004). 
En télédétection, on peut classer les approches méthodologiques d'interprétation des mesures de 
radiance en deux catégories distinctes : les méthodes empiriques comme les indices de 
végétation et les méthodes de modélisation des interactions entre le rayonnement et les éléments 
de surface (Boyd et Danson, 2005). Les deux types d'approches ont accès essentiellement aux 
mêmes dimensions de données de télédétection, i.e. les dimensions radiométrique, temporelle, 
angulaire, et polarimétrique. Historiquement, les méthodes empiriques ont été les plus utilisées 
(et elles le sont encore aujourd'hui), en partie parce qu'elles existent depuis plus longtemps et 
sont plus accessibles que les méthodes de modélisation qui requièrent, quant à elles, l'accès à des 
modèles complexes et la connaissance de leur fonctionnement. 
Les méthodes empiriques sont limitées par le caractère local de leur applicabilité; elles ne 
peuvent être transposées à d'autres environnements et/ou conditions d'acquisition sans 
ajustements. L'approche de modélisation, elle, est limitée par les cas où différentes combinaisons 
de propriétés des plantes peuvent produire des spectres identiques pour un même couvert végétal. 
Cette limite peut potentiellement être atténuée si l'on combine différentes dimensions dans les 
données (par exemple les dimensions spectrale et angulaire, ou spectrale et temporelle). En 
particulier, il a été démontré que la dimension angulaire est sensible aux variations dans la 
structure des éléments de surface (Ustin et al, 2004; Widlowski et al, 2004; Kimes et al, 2006; 
Béland et Fournier, 2008). 
1.1. Les approches empiriques 
Des indices de végétation (VI) ont été développés pour obtenir une estimation de la surface 
foliaire et de la biomasse sèche aérienne à partir de données d'observation de la Terre. Par 
exemple, le NDVI {Normalized Difference Vegetation Index) est fréquemment utilisé, mais il est 
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fortement influencé par la surface en arrière-plan de la végétation (c.-à-d. le sol) et l'atmosphère 
(Asner et ai, 2003), et il ne tient pas compte des effets liés à l'anisotropie du champ de 
réflectance de la surface. L'anisotropie réfère aux propriétés intrinsèques des éléments de surface 
qui déterminent l'intensité et la directionalité du champ de réflectance du rayonnement 
électromagnétique en fonction de la géométrie d'illumination, c'est-à-dire de la position d'un 
observateur (ou d'un capteur) et de la source d'illumination. Les effets d'ombres causés par les 
structures d'un paysage comme les arbres entraînent aussi une variation de l'énergie réfléchie en 
fonction des directions de propagation. 
D'autres VI ont été développés pour contrer ces limites, mais l'estimation demeure généralement 
influencée par les mêmes facteurs, surtout pour les gammes de densité de couvert faibles et 
élevées, et comme ils sont développés pour des conditions spécifiques, ils ne sont pas optimisés 
pour tous les types d'environnements (Asner et ai, 2003; Canadell et ai, 2004; ESA, 2004; 
Hasenauer, 2004; Kasischke et al, 2004; Liang, 2004; Widen, 2004; Patenaude et ai, 2005). De 
plus, les techniques conventionnelles pour établir des relations empiriques avec les VI ne sont 
pas en mesure de discerner le signal des arbres de celui de l'herbe dans un environnement de 
savane (Hoffmann et ai, 2005), à moins qu'elles n'utilisent la dimension temporelle des données 
de télédétection (Archibald et Scholes, 2007). 
1.2. Les approches de modélisation 
Les modèles de réflectance des surfaces de végétation simulent les interactions du rayonnement 
solaire avec une surface ayant des propriétés données. Ces modèles varient en complexité, allant 
des modèles simples à une dimension utilisant un algorithme de transmission de lumière, aux 
algorithmes sophistiqués des simulateurs 3D utilisant le lancer de rayons. Les modèles ID 
représentent une canopée comme une couche parallèle au sol, horizontalement homogène et 
remplie d'un nuage d'éléments diffuseurs et absorbeurs d'énergie. Il n'y a donc aucune 
considération de la structure de la canopée ni de l'effet d'ombrage dans ces modèles. Les 
modèles géométrique-optique utilisent des objets géométriques simples pour simuler les effets 
d'ombre et déterminer la portion de l'ombre visible par un capteur. Les modèles de lancer de 
rayons utilisent le plus souvent une méthode nommée Monte Carlo pour simuler l'émission de 
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photons vers une cible et les interactions des photons avec les éléments de la cible. Ces modèles 
sont performants, mais très exigeants en termes de traitement informatique et d'information à 
fournir en intrants au modèle pour représenter les propriétés de la cible. Ils effectuent des calculs 
dans un espace tridimensionnel pour un grand nombre de photons envoyés à partir d'une source 
(dont la position correspond à celle du soleil à un temps t) vers une cible, et déterminent le 
nombre de photons reçus par un capteur dont la position est prédéterminée. Le ratio entre le 
nombre de photons reçus et le nombre de photons qui seraient reçus si la cible présentait une 
réflectance Lambertienne est déterminé par le modèle et cette quantité est appelé le facteur de 
réflectance bidirectionnelle (BRF pour Bidirectional Reflectance Factor). La cible est en général 
non Lambertienne, et est composée d'objets géométriques dont les formes, dimensions, et 
orientations sont définies. De plus, tous ces objets ont des propriétés spectrales qui leurs sont 
associées (absorbance, transmittance, réflectance), incluant une composante directionnelle 
(Widlowski, 2001). 
Les intrants à fournir à un modèle de type lancer de rayons sont donc nombreux et appartiennent 
aux catégories suivantes : les propriétés optiques des éléments de surface (incluant la réflectance, 
la transmittance et l'absorption, des propriétés qui sont dépendantes de la longueur d'onde du 
rayonnement et ont une composante directionnelle), et la structure de la canopée (comprenant le 
matériel photosynthétiquement actif (feuillage) et non-actif (bois)). Dans le cas du feuillage, sa 
densité peut être quantifiée en utilisant différentes métriques, et à différentes échelles. 
Les métriques généralement utilisées pour quantifier la surface foliaire des végétaux sont : (1) la 
surface foliaire elle-même [m ], (2) l'indice de surface foliaire (LAI pour Leaf Area Index) 
[m2/m2], et (3) la densité de surface foliaire (LAD pour Leaf Area Density) [m2/m ]. La surface 
foliaire réfère à la surface totale des feuilles d'un ou d'un groupe d'arbre(s) ou de plante(s). Le 
LAI est défini comme la surface foliaire par unité horizontale de surface au sol (Watson, 1947), 
et le LAD réfère à la surface foliaire par unité de volume. Ces métriques peuvent être utilisées à 
différentes échelles spatiales, d'une fraction de plante ou d'arbre à la canopée, et peuvent être 
mesurées in situ par des méthodes directes ou indirectes. Les méthodes directes impliquent de 
compter et de mesurer les feuilles, ce qui utilise beaucoup de ressources (Norman et Campbell, 
1989). Plusieurs méthodes indirectes basées sur la transmission de lumière à travers la canopée 
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ont été développées pour estimer ces métriques de manière plus efficace, incluant la 
photographie hémisphérique (voir Leblanc et al. (2011) pour une revue). Cependant ces 
méthodes ont certaines limites: (1) il est difficile d'établir des estimations spatialement 
explicites à partir de ce type de mesure (Weiss et al, 2004), (2) elles ne peuvent séparer le 
matériel végétal photosynthétique du non-photosynthétique, et (3) elles s'appliquent 
difficilement dans des environnements très hétérogènes comme les savanes (Ryu et ai, 2010). 
Le LAI est la propriété biophysique des forêts qui influence le plus le régime de radiation solaire 
dans le domaine optique (Boyd et Danson, 2005). C'est un paramètre clé dans la modélisation du 
transfert radiatif dans les écosystèmes forestiers, et la qualité des formulations utilisées pour le 
décrire est primordiale au succès des simulations. Cependant la surface foliaire, sa distribution 
dans l'espace 3D, l'architecture des structures de bois des arbres, et la composition des strates du 
sous-bois sont très complexes. Il y a donc une particularité importante dans la recherche 
scientifique sur la modélisation du transfert radiatif: les chercheurs doivent développer des 
modèles sans avoir à ce jour de description exacte de la réalité qu'ils tentent de simuler. Il est 
donc très difficile à la fois d'étalonner et de valider les modèles. 
Le Centre Commun de Recherche (CCR) de la Commission Européenne à Ispra, Italie, se penche 
sur cette problématique depuis 1999 à travers l'initiative RAMI (Radiation Transfer Model 
Intercomparison) (Pinty et ai, 2001; Pinty et ai, 2004; Widlowski et ai, 2007). RAMI compare 
les résultats de simulations provenant d'une gamme de modèles ID et 3D de complexité variable 
à ceux du modèle de lancer de rayons Raytran (Govaerts et Verstraete, 1998) qui respecte les 
règles de la physique dans le traitement des interactions entre le rayonnement lumineux et les 
éléments de surface. RAMI est à l'heure actuelle dans son quatrième stade d'évolution, et cette 
évolution se fait essentiellement au rythme de la capacité des chercheurs à raffiner la description 
des cibles servant à représenter différents écosystèmes forestiers avec un maximum de réalisme. 
La limite actuelle n'est donc pas au niveau des capacités de calcul, ou dans la conception des 
modèles; elle se situe au niveau des intrants aux modèles. 
7 
1.3. Les scanneurs LiDAR terrestres (TLS pour Terrestrial LiDAR Scanners) 
Une description détaillée de l'architecture de la surface à l'étude est requise comme intrant dans 
les modèles de transfert radiatif, et celle-ci doit être réalisée par des mesures sur le terrain 
appropriées. Récemment, les TLS ont démontré un potentiel considérable pour la caractérisation 
3D de la structure des arbres et des canopées. Plusieurs études ont investigué son utilisation pour 
estimer le LAI à l'échelle de l'arbre (Lovell et al, 2003; Hosoi et Omasa, 2006; Hosoi et Omasa, 
2007; Moorthy et al, 2008; Takeda et al, 2008; Hosoi et Omasa, 2009; Jupp et al, 2009; Van 
der Zande et al, 2009; Hosoi et al ,2010). 
Un TLS fournit des mesures de distance précises entre l'instrument et les objets à l'intérieur du 
champ de visée en utilisant un grand nombre d'impulsions laser. Lorsque l'énergie de 
l'impulsion entre en contact avec un objet, une partie de cette énergie est réfléchie vers 
l'instrument et génère l'enregistrement d'un point positionné dans l'espace 3D. L'estimation du 
LAI d'un arbre par TLS exige la prise en compte d'un certain nombre de points : (1) les 
conditions de vent doivent être optimales pour éviter que les feuilles ne bougent pendant le 
processus de mesure, (2) on doit arriver à faire la distinction entre les points générés par le 
feuillage de ceux générés par le bois, (3) on doit tenir compte de la taille de l'impulsion laser par 
rapport à la taille des feuilles, et (4) on doit tenir compte de la variabilité dans la densité des 
impulsions laser due aux effets d'occlusion causés par l'interception d'impulsions par le matériel 
dans la couronne et à la divergence des impulsions laser en fonction de la distance à l'instrument. 
Dans cette étude, nous posons dans un premier temps l'hypothèse qu'une méthode de traitement 
appropriée appliquée à des mesures de TLS acquises dans des conditions appropriées peut 
fournir une solution aux deux besoins mentionnés plus haut, soit : (1) estimer la distribution de 
surface foliaire dans l'espace 3D, et (2) produire des représentations fidèles de la distribution du 
feuillage et des structures ligneuses comme intrants aux modèles de transfert radiatif. 
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2. Objectifs et canevas de la thèse 
Pour évaluer la capacité des modèles existants à reproduire le signal mesuré par un capteur 
satellitaire, il est nécessaire de caractériser la réalité sur le terrain avec suffisamment de détail 
pour réduire les ambiguïtés liées à ce que l'on compare ; sans quoi l'écart entre la réalité et le 
résultat d'une modélisation pourrait être dû à la fois à une limite dans le processus de 
modélisation et à un biais dans ce que l'on considère comme étant la réalité terrain. Caractériser 
la structure de la végétation avec un haut niveau de détail représente un défi considérable. La 
technologie des TLS a un potentiel pour être utilisée afin d'extraire certains paramètres 
structuraux des arbres. Cependant, des limites inhérentes aux systèmes TLS ne permettent pas 
d'effectuer des mesures sur de très grandes surfaces, du moins de l'ordre de grandeur de la taille 
correspondant à un pixel au sol pour un capteur de moyenne résolution spatiale (5-25 ha). 
La recherche présentée ici vise des avancées dans deux volets: (1) les méthodes de traitement des 
données TLS pour obtenir une estimation fiable de la distribution de surface foliaire à l'échelle 
de l'arbre individuel, et (2) l'utilisation de ces représentations détaillées d'arbres pour calibrer 
une méthode utilisant l'imagerie à très haute résolution spatiale permettant de cartographier la 
surface foliaire des arbres sur de grandes surfaces. Les deux composantes principales de la thèse 
sont interdépendantes, car l'information obtenue des mesures TLS est utilisée pour produire les 
objets qui représentent les arbres dans l'environnement virtuel de modélisation. 
2.1. Traitement des données TLS 
Les principaux paramètres structuraux d'un couvert forestier contribuant à la diffusion, 
l'absorption et la réflectance du rayonnement peuvent être caractérisés par l'indice de surface 
foliaire (ou LAI), la distribution des angles d'inclinaison des feuilles, l'architecture du tronc et 
des branches, et la forme des couronnes (incluant la distribution de densité du feuillage) 
(Ollinger, 2011). Pour traiter les données TLS, deux types d'approches sont possibles; la 
première produisant une représentation discrète des parties d'un arbre (par exemple celle 
développée par Côté et al. (2011 ) qui utilise un algorithme de croissance nommé L-System), et la 
seconde produisant une représentation statistique de la distribution spatiale des parties d'un arbre 
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à l'intérieur de volumes appelés voxels. Un voxel est la généralisation du concept de pixel dans 
une image 2D et réfère à un volume élémentaire dans un espace cartésien 3D, typiquement de 
forme cubique. Pour estimer le LAI des arbres, l'approche par voxels constitue un choix 
attrayant puisque les méthodes existantes pour estimer le LAI (la probabilité de transmission de 
la lumière (Ross, 1981) et la fréquence de contact (Warren Wilson, I960)) sont basées sur des 
approches statistiques. 
Les deux méthodes existantes d'estimation du LAI ont été appliquées aux données TLS à 
l'échelle du voxel (pour des voxels de taille allant de 10 à 50 cm) pour 6 arbres individuels. Les 
résultats de ces travaux sont présentés aux chapitres 4 et 5. Les deux méthodes sont (1) la 
méthode de fréquence de contact entre une sonde (par exemple une longue aiguille) passée à 
travers un couvert végétal et les feuilles des plantes (Warren Wilson, 1960) présentée au chapitre 
4, et (2) la fraction de trouée (Ross, 1981), qui utilise la théorie de Beer-Lambert sur la 
probabilité de transmission de lumière à travers un médium turbide (initialement développée 
pour des applications dans le domaine de la chimie) présentée au chapitre 5. Les deux méthodes 
doivent considérer les dimensions du volume traversé, la taille de la sonde (une aiguille dans le 
premier cas, un photon dans le second), la distribution angulaire des objets (orientation des 
feuilles) et, comme on s'intéresse à la surface foliaire et non à la surface ligneuse, il faut donc 
considérer la nature de l'objet avec lequel la sonde entre en contact (feuille ou bois). 
Pour les deux méthodes, il est possible qu'à certains endroits dans une couronne la densité de 
feuillage ou de bois aux environs provoque une situation où un voxel n'est pas traversé par un 
nombre suffisamment élevé d'impulsions pour que la méthode fournisse une estimation fiable de 
la surface foliaire. Pour ces cas spécifiques, un modèle basé sur une relation empirique entre la 
disponibilité de lumière et la densité de feuillage a été développé et appliqué systématiquement 
aux cas ou le phénomène d'occlusion dépasse un certain seuil. 
2.2. Cartographie de la surface foliaire 
Cette partie de la thèse porte sur le développement d'une méthode pouvant générer les intrants 
requis pour représenter l'hétérogénéité d'un environnement arboré ouvert et permettre de 
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modéliser des facteurs de réflectance bidirectionnels (BRF) pour des surfaces de l'ordre de 10-25 
ha. Ces simulations pourront éventuellement servir, entre autres, à améliorer les produits de 
télédétection à de telles échelles. Pour obtenir une correspondance entre un BRF simulé par le 
modèle Rayspread et un BRF observé par un capteur, il nous faut reproduire dans un 
environnement virtuel les éléments de surface à l'intérieur de la zone associée à un pixel. Dans le 
cadre de cette étude, nous disposons comme base d'information pour créer ces scènes virtuelles 
de (1) 6 représentations d'arbres produites à partir des données TLS, et (2) une image à très haute 
résolution spatiale provenant du capteur Geoeye-1 sur laquelle les ombres projetées au sol par les 
arbres sont clairement visibles. L'approche méthodologique développée implique dans un 
premier temps d'estimer la taille des couronnes directement à partir de mesures sur l'image 
Geoeye-1; la surface foliaire des couronnes est ensuite estimée à partir de l'intensité de 
l'ombrage des couronnes qui est liée à la transmission de lumière à travers la couronne. 
L'approche développée pour estimer la surface foliaire nécessite de calculer le ratio entre 
l'intensité moyenne de l'ombrage et l'intensité moyenne du sol sur l'image (Io/Is)- Comme le sol 
au moment de l'acquisition de l'image Geoeyc est libre de végétation, sa réflectance est 
suffisamment constante pour supposer que sa réflectance est la même dans l'ombre qu'à 
l'extérieur de l'ombre. Les différences dans les radiances mesurées sont donc directement liées à 
la transmission de lumière à travers la couronne, qui elle est directement liée à la surface foliaire 
de l'arbre. Si l'on tient compte de l'effet de la présence de la structure de bois et de l'agrégation 
des branches (en anglais dumping) sur la transmission de lumière, on peut déduire le LAD. Le 
modèle Rayspread est utilisé dans cette étude pour établir la relation entre les valeurs de LAD et 
Io/Is- Rayspread est un modèle de lancer de rayons qui a été créé pour étudier la propagation de 
l'énergie lumineuse dans les environnements terrestres. Il est utilisé comme laboratoire virtuel ou 
les interactions entre une source de lumière et une scène en trois dimensions sont simulées 
(Widlowski et al, 2006). La relation établie entre le LAD et Io/Is peut ensuite être utilisée pour 
estimer le LAD de chacun des arbres sur l'image Geoeye-I. Pour apporter des corrections à 
l'image pour les effets atmosphériques, les propriétés de l'atmosphère au moment de 
l'acquisition des images obtenues d'une station AERONET située à 67 km du site d'étude sont 
utilisées pour transformer les BRF « Top Of Atmosphere » en BRF « Top Of Canopy » 
correspondant aux quantités simulées par le modèle Rayspread. 
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3. Site d'étude 
Le choix du milieu de savane pour cette étude s'appuie principalement sur deux éléments : (1) le 
caractère simplifié de l'arrangement spatial des arbres qu'on y retrouve (par rapport à la forêt 
boréale par exemple) favorise l'utilisation des méthodes de télédétection choisies pour cette 
étude, et (2) le fait que malgré son importance et sa vulnérabilité, ce biome est négligé par les 
études scientifiques en télédétection (Milne, 2009). Le peu d'études portant sur les savanes peut 
s'expliquer en partie par l'essence même de la savane, c'est-à-dire la coexistence de deux formes 
de vie végétale contrastantes : l'herbe et les arbres. Cette formation végétale complexifie 
l'approche classique multispectrale de mesure de l'activité photosynthétique, puisque les deux 
formes y contribuent et ne peuvent être séparées qu'en amenant l'analyse à un niveau de 
complexité supérieur (en intégrant par exemple les différences temporelles liées aux cycles 
phénologiques). 
Les savanes occupent 20% de la surface terrestre, supportent une large proportion de la 
population humaine, contiennent 15-20% du carbone fixé par les forêts mondiales, et sont 
considérés comme un des biomes les plus sensibles aux changements climatiques (Sankaran et 
ai, 2005). Leur distribution est concentrée principalement dans les régions tropicales et 
subtropicales. Les savanes sont caractérisées par l'alternance d'une saison sèche et d'une saison 
des pluies. Cette dynamique contraint chaque forme de vie à s'adapter aux variations spatiale et 
temporelle dans la disponibilité des ressources. La distribution spatiale des arbres est donc 
fortement hétérogène et influencée par le fait que les systèmes racinaires des arbres sont en forte 
compétition entre eux pour les ressources sous terre. Pour cette raison, les couronnes des arbres 
ne se touchent que rarement. Bien souvent, on observe un espace considérable entre les arbres dû 
à l'étendue des racines qui vont bien au-delà de la projection de leur couronne au sol. 
Une des caractéristiques importantes des savanes est la répartition fortement clairsemée de sa 
végétation boisée à des échelles qui vont d'une dizaine de mètres à une dizaine de kilomètres. La 
caractérisation précise de la structure de la végétation est dépendante de la compréhension des 
effets d'échelle dans les savanes hétérogènes (Caylor et Shugart, 2006). Cette information est 
d'intérêt pour mieux comprendre les effets des savanes sur le système Terre, les effets des 
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changements climatiques sur les savanes, et le suivi de la végétation et des pratiques de gestion 
(Caylor et Shugart, 2006). Outre la variabilité du rapport herbes/arbres, les savanes sont 
caractérisées par des perturbations telles l'herbivorie et le feu. Ces aspects singuliers de la savane 
sont dictés par les variations du climat (précipitations et températures), les sols (structure et 
profondeur), les variations dans les niveaux de CO2 atmosphérique et de dépôt d'azote, la 
topographie, l'utilisation du sol, et les interactions entre ces facteurs (Wessman et ai, 2004). Les 
changements dans la savane provoqués par ces nombreux facteurs prennent place sur des 
échelles de temps et d'espace variées, et il en résulte un paysage régional complexe et 
dynamique dont le suivi et la prédiction des tendances représente un défi important. 
L'intérêt d'effectuer des recherches pour mieux comprendre les dynamiques de la structure des 
savanes se situe donc principalement à trois niveaux. Premièrement, parmi l'ensemble des 
écosystèmes terrestres, les savanes sont fortement utilisées et/ou perturbées, couvrent une large 
étendue, et constituent un puits de carbone majeur à l'échelle globale. En fonction de la nature de 
leur gestion à long terme, elles ont donc le potentiel de piéger ou d'émettre.de grandes quantités 
de carbone (Grace et al, 2006). Deuxièmement, les savanes sont parmi les écosystèmes les plus 
sensibles aux changements futurs d'utilisation du sol et de climat, et pour ces raisons une 
meilleure compréhension des facteurs qui structurent les communautés végétales de savane est 
requise d'urgence pour guider les efforts de gestion (Sankaran et al., 2005; Caylor et Shugart, 
2006). Les effets de l'accroissement de la population mondiale et de l'avancement technologique 
sur l'utilisation du sol auront des impacts sur les savanes à moyen et long terme. Les effets des 
changements climatiques, de l'augmentation de la concentration de CO2 dans l'atmosphère, et les 
effets de la déposition d'azote sur la croissance des plantes sont aussi des facteurs qui auront des 
impacts sur les savanes dont l'amplitude est difficile à prévoir. Et troisièmement, les interactions 
entre la végétation herbacée et ligneuse constituent un axe de recherche prioritaire puisqu'elles 
traduisent deux objectifs conflictuels pour les savanes en pâturage : l'augmentation de la 
productivité de l'herbe pour soutenir les élevages bovins, et la conservation des arbres pour leur 
rôle dans le cycle de l'eau, des nutriments, du carbone, et de la température du sol (Moore et al., 
2001; Sankaran et ai, 2005). La compréhension et la prédiction des changements dans les 
paysages caractérisés par la combinaison de plantes herbacées et ligneuses émerge donc comme 
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priorité de recherche sur les changements globaux et la gestion à l'échelle locale (Simioni, 2002; 
Wessmane/a/.,2004). 
Le site d'étude utilisé dans le cadre de cette thèse est situé au Mali, dans une savane arborée de la 
région de Ségou, faisant partie de la zone soudanienne au sud du Sahel. La pluviométrie 
moyenne annuelle y est entre 600 et 1000 mm. La saison des pluies dure 4 à 5 mois entre juin et 
septembre. L'agriculture est pratiquée de façon permanente entre les arbres qui sont conservés 
sur la base de leur utilité. La saison de croissance des cultures s'étend sur 2 à 3 mois suite à la 
saison des pluies entre septembre et novembre. L'espèce d'arbre largement dominante est le 
karité (Vitellariaparadoxa, synonyme de Butyrospermumparkii). Le fruit, ou plus exactement la 
noix du karité est utilisé pour produire le beurre de karité, utilisé dans plusieurs produits 
cosmétiques. Les arbres ont une hauteur allant jusqu'à 10 m. Les Figure 1 et Figure 2 présentent 
une photographie des arbres de karité et un échantillon de leurs feuilles. 
Figure 1 - Site d'étude 
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Figure 2 - Échantillon de feuilles d'arbre de karité 
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4. Estimating leaf area distribution in savanna trees from terrestrial LiDAR 
measurements 
« Estimation de la distribution de surface foliaire dans des arbres de savane par mesures LiDAR 
terrestre » 
Auteurs : Béland, M., Widlowski, J.-L., Fournier, R., Côté, J.-F. et Verstraete, M. M. 
Article publié dans le Journal Agricultural and Forest Meteorology (2011), vol. 151, n° 9, p. 
1252-1266. 
Résumé : 
Les paramètres de structure de la végétation sont des éléments clés de l'étude du fonctionnement 
des écosystèmes et des interactions ecosystemiques à l'échelle globale. Une description détaillée 
de plusieurs de ces paramètres par des mesures directes n'est pas pratique à cause de la quantité 
élevée de matériel dans un arbre. Les Scanneurs LiDAR Terrestres (TLS) ont démontré un fort 
potentiel comme outils pour décrire indirectement les paramètres structuraux des végétaux avec 
un niveau de détail élevé. Néanmoins, certaines études ont mis en évidence les défis liés à cette 
approche. Dans la présente étude, nous explorons l'utilisation d'une approche de description de 
la distribution de surface foliaire basée sur les voxels pour des arbres individuels. L'approche 
s'appuie sur la théorie de la fréquence de contacts qui est appliquée à des scans TLS effectués à 
partir d'au moins deux différentes positions autour de l'arbre et placés dans un référentiel 
commun. La fréquence de contact a été calculée pour des voxels ayant une taille de 10, 30 et 50 
cm de côté, et a ensuite été corrigée pour l'influence des effets d'occlusion, l'inclinaison des 
feuilles, la présence de matériel non-photosynthétiquement actif, et la taille des impulsions laser. 
La surface foliaire à l'intérieur des voxels pour lesquels les effets d'occlusion étaient trop élevés 
a été estimée à partir de valeurs modélisées obtenues de simulations de la disponibilité de la 
lumière dans la couronne. Nous avons comparé les estimations de surface foliaire obtenues par 
TLS à celles obtenues par une méthode directe impliquant la collecte des feuilles dans une 
savane à feuilles larges du centre du Mali. Les valeurs de surface foliaire obtenues pour les 
arbres utilisés varient entre 30 et 530 m2, et les valeurs de LAI associées entre 0.8 et 7.2. Les 
estimations de la surface foliaire obtenues à partir des données TLS avaient en moyenne 14% 
d'écart avec les mesures de référence (biais général). Notre méthode fournit un moyen d'estimer 
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la distribution verticale et radiale de la surface foliaire pour des arbres individuels, et se prête à 
l'estimation des paramètres structuraux de la végétation de savane avec un haut niveau de détail. 
Mots-clés : Scanneur LiDAR terrestre, voxel, distribution 3D de surface foliaire, savanes, densité 
de surface foliaire (LAD), indice de surface foliaire (LAI), effets d'occlusion 
4.1. Présentation de l'article 
4.1.1. Mise en contexte 
Cet article s'inscrit dans la poursuite des travaux initiés par Hosoi et Omasa (2006) sur 
l'utilisation de mesures par TLS pour estimer la surface foliaire des arbres. Cette étude constitue 
une contribution significative à cette fin, car elle aborde le problème sous un angle nouveau par 
rapport aux études existantes en appliquant la théorie de la fréquence de contacts de Warren 
Wilson (1959) aux mesures TLS. Les auteurs ont effectué les mesures TLS de plusieurs points de 
vue sur un arbre de petite taille, et utilisé une compartimentation de l'espace par voxels de 
dimension approchant la taille d'une impulsion laser émise par le TLS. Ceci leur a permis 
d'appliquer la théorie de Warren Wilson avec succès, malgré le fait que celle-ci ait été conçue 
pour des sondes physiques et non lumineuses. Le problème devait être approché différemment 
pour arriver à étudier des arbres de grande taille, en grande partie à cause des effets d'occlusion. 
Dans cet article, nous nous inspirons des travaux de Hosoi et Omasa (2006) et de ceux de 
Durrieu et al. (2008) pour développer une méthode qui prenne en compte chacun des éléments 
qui influencent l'utilisation du TLS pour l'étude des arbres de grande taille, c.-à-d. la séparation 
des retours provenant du bois et du feuillage, la correction pour la taille des impulsions laser, et 
les effets d'occlusion. 
4.1.2. Méthodes 
Afin de caractériser la distribution angulaire des feuilles, un scan TLS a été effectué à très haute 
résolution sur un arbre du site d'étude. A l'intérieur de la couronne de cet arbre, plus de 100 
feuilles ont été sélectionnées aléatoirement et réparties verticalement dans l'arbre selon trois 
strates : inférieure, centrale, et supérieure. Pour chacune des feuilles, l'angle entre la normale à la 
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feuille et le zénith a été calculé à partir des points constituant la feuille. Ces statistiques ont 
permis de paramétrer la fonction G (Ross, 1981) décrivant la projection moyenne d'une unité de 
surface foliaire dans une direction perpendiculaire à un angle de vue donné. Cette fonction est 
utilisée pour les deux approches de calcul du LAI. 
La séparation des retours provenant des impulsions laser qui sont entrées en contact avec les 
feuilles et le bois s'effectue à partir de l'intensité du signal réfléchi dans la direction du TLS. 
Lorsqu'un retour est enregistré par l'instrument, l'intensité du signal reçu est convertie en 
compte numérique (DN, pour Digital Number), et comme la fréquence du rayon laser émis par 
l'instrument est dans une région de l'infrarouge fortement absorbée par l'eau (1500 nm), un 
retour provenant d'une feuille est plus faible qu'un retour provenant d'un tronc ou d'une 
branche. En utilisant l'intensité du retour il est donc possible d'identifier une valeur de DN qui 
sépare les retours générés par les feuilles de ceux générés par les branches. La méthode 
développée est un résultat de notre étude et elle a été validée par des scans effectués sur les 
arbres avec et sans les feuilles. 
Comme l'intensité du retour est aussi fonction de la distance entre un objet et l'instrument, il est 
nécessaire de normaliser les intensités à une distance commune. Pour effectuer la normalisation, 
une expérience a été menée en laboratoire où 5 panneaux de Spectralon (surface quasi 
Lambertienne) ayant des réflectances entre 5 et 99 % ont été scannés en positionnant 
l'instrument à six distances entre 5 et 30 m. Les résultats de cette expérience ont permis d'établir 
une relation entre l'intensité des retours, la distance d'une cible, et sa réflectance apparente. 
Comme les arbres ont été scannés à une distance moyenne de 20 m, la normalisation a été 
effectuée à cette distance. 
La méthode de calcul du LAI considère une sonde de dimension infinitésimale, alors que les 
impulsions laser émises par le TLS ont un diamètre approximatif de 15 mm à une distance de 20 
m de l'instrument (perpendiculairement au vecteur de propagation). La taille des impulsions 
laser implique qu'un retour peut être enregistré même si le centre de l'impulsion ne se trouve pas 
directement sur une feuille. Pour corriger cet effet, les résultats de l'expérience en laboratoire ont 
été utilisés dans une simulation 3D pour déterminer la distance maximale entre le centre d'une 
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impulsion et la bordure d'une feuille pour qu'un retour soit généré. Le modèle Raytran a ensuite 
été utilisé pour déterminer un facteur de correction pour l'effet de la taille des impulsions qui 
varie en fonction de l'angle de visée (H(6)) (voir Figure 3). 
Figure 3 - Illustration d'un contact entre une impulsion laser émise par un TLS et une feuille 
d'arbre. Dans le cas illustré ici, malgré que l'impulsion soit centrée à l'extérieur de l'étendue de la 
feuille, l'énergie réfléchie peut être suffisante pour générer l'enregistrement d'un point 
Pour calculer les statistiques requises à l'échelle du voxel, le logiciel Ivox (conçu par Jean-
François Côté et décrit dans Côté et al., (2011)) a été adapté. Le logiciel fournit, pour chaque 
voxel, une série des paramètres liés au trajet des impulsions laser émises par le TLS à l'intérieur 
du voxel et aux interactions des impulsions avec les objets. 
La méthode présentée dans cette étude est basée sur la fréquence de contact qui peut être adaptée 
aux données TLS en considérant la longueur totale des trajets parcourus par les impulsions laser 
à l'intérieur d'un voxel donné et le nombre d'impulsions qui sont entrées en contact avec le 
feuillage. Warren Wilson (1960) définit la fréquence de contact (N(0)) comme étant « le nombre 
de contacts avec le feuillage par unité de longueur de sonde insérée à un angle 0 », et N(0) peut 
être utilisée pour estimer la densité de surface foliaire (LAD) à l'intérieur d'un voxel en 
utilisant : LAD=N(9)/G(6), où G(6) est la fonction G décrite plus haut. Pour appliquer la 
méthode aux données TLS, on peut déterminer N(9) en calculant le nombre de contacts des 
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impulsions laser émises par le TLS dans une direction 0 avec le feuillage par unité de longueur 
du trajet des impulsions à travers un voxel donné. 
4.1.3. Portée scientifique et discussion 
La présente étude innove sur plusieurs aspects par rapport aux méthodes disponibles à ce jour 
dans la littérature au point où ce volet est maintenant complété. Son apport principal pour le 
volet portant sur le traitement des données TLS se situe au niveau de (1) la séparation des retours 
provenant d'un contact avec le feuillage ou avec le bois à partir de l'intensité du signal réfléchi, 
(2) l'utilisation d'une fonction pour corriger les effets de la taille des impulsions laser émises par 
le TLS sur le calcul de la surface foliaire, et (3) le développement d'une approche de correction 
des effets d'occlusion basée sur une relation empirique entre la disponibilité de lumière et la 
densité de feuillage. 
Concernant la taille optimale des voxels à utiliser, notre étude conclut que celle-ci est fonction de 
l'importance des effets d'occlusion dans les données. Nos résultats montrent que lorsque 
l'occlusion est quasi nulle, on peut utiliser des voxels d'une taille approchant celle du diamètre 
des impulsions laser (une approche utilisée par Hosoi et al. (2006)), car pratiquement tout 
l'espace est traversé par au moins une des impulsions laser émises. Plus les effets d'occlusion 
sont importants, plus la méthode d'estimation du LAI doit s'appuyer sur une supposition de 
distribution homogène des feuilles à l'intérieur d'un volume, et le volume en question doit, au 
minimum, avoir un côté significativement plus grand que la taille des feuilles. Lorsque les 
occlusions sont nombreuses, la méthode doit inclure une approche pour combler l'absence 
d'information, comme par exemple celle à partir de la transmission de lumière dans la couronne, 
et dans ces cas, il a été démontré qu'une taille de voxel de 30 cm est appropriée. 
20 
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Abstract 
Vegetation structure parameters are key elements in the study of ecosystem functioning and 
global scale ecosystemic interactions. The detailed retrieval of many of these parameters by 
direct measurements is impractical due to the quantity of plant material in trees. Terrestrial 
LiDAR Scanners (TLS) have been shown to hold great potential as an indirect means of 
estimating plant structure parameters with a high level of detail, while some studies identified a 
number of challenges inherent to this approach. In this study we investigate the use of a voxel-
based approach to retrieve leaf area distribution of individual trees. The approach is based on the 
contact frequency method applied to co-registered TLS returns from two or more scanning 
positions. The contact frequency was computed for voxels being 10, 30, and 50 cm in size and 
subsequently corrected for the influence of occlusion effects, leaf inclination, the presence of 
non-photosynthetic material, and the laser beam size. The leaf area of voxels for which occlusion 
effects were too pronounced was estimated using modeled values based on the availability of 
light. We compared the TLS derived leaf area estimates against direct measurements, obtained 
by the harvesting of leaves, in a broad leaved savanna of central Mali. The measured leaf area 
values of the sampled trees ranged from 30 to 530 m2, and crown LAI values between 0.8 and 
7.2. The leaf area estimates lay on average 14% from the reference measurements (general bias). 
Our method provides vertical as well as radial distributions of leaf area in individual trees, and 
lends itself to the estimation of savanna vegetation structural parameters with a high level of 
detail. 
Keywords: Terrestrial LiDAR Scanner; voxel; 3D leaf area distribution; savanna; Leaf Area 
Density (LAD); Leaf Area Index (LAI); occlusion effects 
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4.2. Introduction 
Canopy structure properties refer to the spatial arrangement (position, orientation, extent, 
quantity, and connectedness) of tree components from different growth forms (Norman and 
Campbell, 1989). Forest canopies biochemical and structural properties are commonly used as 
parameters to model interactions between the atmosphere and the land surface (Sellers et al., 
1997). The amount of green leaves displayed by the canopy highly impacts radiation absorption, 
precipitation interception, and photosynthesis activity in forests and woodlands (Parker, 1995). 
Total leaf area could be argued to be the most important parameter in characterising the 
exchange processes between the atmosphere and the land surface (Scholes et al., 2004). 
Conventionally, the amount of live leaf material in trees is referred to as Leaf Area (LA) and is 
expressed in m , the leaf area per volumetric unit (m ) is referred to as Leaf Area Density (LAD), 
and leaf area per horizontal unit ground area (m2) is represented by the Leaf Area Index (LAI). 
The LAI is a vertically integrated dimensionless metric (m2/m2) used to quantify canopy foliage 
at various spatial scales, from individual tree to whole terrestrial surface. Several definitions for 
LAI have been proposed to meet the needs of different purposes (Asner et al., 2003). In this 
study we will be using the initial definition of LAI: the total one-sided area of photosynthetic 
material per horizontal unit ground surface area (Watson, 1947). LAI is variable both in time and 
space, and because of its role in the balance of the global carbon budget, significant efforts have 
been invested in estimating LAI over large areas using space borne observations (Gobron, 2008). 
However, remotely sensed LAI estimates generally rely on calibration against ground-based 
measurements (Bréda, 2003). 
In situ approaches to measure leaf area and LAI can be classified into two broad categories: 
direct and indirect. Direct methods involve counting and measuring leaves, and their application 
is generally time consuming (Norman and Campbell, 1989). Numerous indirect techniques have 
been developed for ground-based LAI estimation (Bréda, 2003; Jonckheere et al., 2004; Leblanc 
and Fournier, in press). Indirect methods for ground-based LAI measurements have several 
limitations, namely they provide local estimates that cannot be extended spatially (Weiss et al., 
2004), they do not account for the presence of non-photosynthetically active material like trunks 
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and branches (unless the woody-to-total area is known and accounted for as per Chen and Cihlar 
(1996)), and they do not effectively apply to discontinuous canopies like savannas (Ryu et al., 
2010). 
Terrestrial LiDAR (Light Detection And Ranging) scanners (TLS) have recently emerged as 
promising tools for measuring 3D vegetation structure. A TLS is a type of LiDAR system 
operating from a terrestrial platform, most often stationary. It provides accurate measures of 
distances to objects using a large number of sampling laser beams within the instrument field of 
view (FOV) thus creating a cloud of points positioned in 3D space. A TLS estimates these 
distances using one of two approaches: measuring either the laps of time between laser pulse 
emission and its return signal or the phase shift between the emitted and received signal. When a 
laser beam's energy comes in contact with an object, its energy is partly reflected, transmitted, 
and absorbed in proportions dependent on the spectrodirectional properties and orientation of the 
object and on the travel path of the beam. The received signal is composed of a series of returns 
of varying intensities and for a discrete return TLS, depending on the instrument, the first or last 
detectable signal return can be recorded (i.e. the return from the closest or farthest detectable 
object along the beam's travel path). Several studies have investigated the use of TLS for 
estimating LAI (Hosoi and Omasa, 2006; Jupp et al., 2009; Lovell et al., 2003; Moorthy et al., 
2008; Takeda et al., 2008); some are based on the probability of light transmission through gaps 
(Po) (Monsi and Saeki, 1953; 2005) also used for hemispherical photography, others on the 
contact frequency method (Warren Wilson, 1959; 1960; 1963). 
Hosoi and Omasa (2007) have identified three main factors affecting leaf area density (LAD) and 
LAI estimates in the context of TLS measurements: (1) the separation of leaf and wood material 
from the point clouds, (2) the effect of spatial orientation of leaf material, and (3) occlusion 
effects in point clouds caused by material 'shadowing' other material behind it. Other 
particularities of TLS data relating to laser beam size have been mentioned in Danson et al. 
(2007). In general, the authors recommended that studies attempting to retrieve spatially explicit 
LAD and LAI estimates from TLS measurements need to address these factors. 
23 
This paper aims to investigate the use of a voxel-based methodology for estimating the 
distribution of leaf area in individual trees, LAD profiles, and tree LAI, It is based on the contact 
frequency method and addresses inherent characteristics of TLS data relating to occlusions and 
beam size known to influence such estimations. Previous studies (Hosoi and Omasa, 2006; 2007) 
which used a large number of TLS datasets have applied the contact frequency approach to 
voxels of dimension approaching the scan resolution (a few mm). Here, we hypothesise that the 
theory developed for contact frequency can be applied to the frequency of laser beam 
interceptions going through individual voxels of larger sizes. 
4.3. Theoretical background 
The point quadrat method for measuring foliage area originated in the late 1920s, and was first 
described by Levy and Madden (1933). The original technique uses sharp pointed thin physical 
probes which are inserted through the canopy. The contact frequency is then obtained from 
counting the number of times a probe comes into contact with plant material divided by the 
length of the probe. Warren Wilson (1959; 1960) improved the technique by accounting for the 
effect of leaf and probe orientation in inclined-point-quadrats. Later, Ross and Nilson (1965) 
formulated the G function describing the mean projection of a unit foliage area in a particular 
direction of interest, which can be used with the point-quadrat method if a priori information on 
leaf angle distribution is available. 
Warren Wilson defines contact frequency N(6) as "the number of contacts with foliage per unit 
length of point quadrat (probe)" at an angle 0 from the zenith. It is measured in number of 
contacts per unit length. When corrected for the effect of probe size, contact frequency is equal 
to the apparent foliage denseness (FB), defined by Warren Wilson (1960) as "the total area of 
projections of all foliage in a unit volume of space onto a plane perpendicular to a direction 
oriented at an angle 9 from the zenith". Under these conditions and if we assume a uniform 
distribution of leaves with respect to the azimuth, inclined point quadrats can be used to estimate 
Leaf Area Density (LAD) (m1) by using the G function (Ross, 1981): 
G(0,ft) G{9,e,) 
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where 0L is the zenith angle of the leaf normal, and G(0,0, ) can be expressed as : 
G(0,0,)=\g(0l)-S(0,0l)d0l. (2) 
0 
Here, g(0,) is the foliage orientation function, and S(0,0j) is the absolute value of the cosine 
of the angle between the probe and leaf normal directions (Hosoi and Omasa, 2006) and is 
defined as: 
COS0COS0,, iox0<--0, 
a a f< , 2(tanx-x)^ 2 (3) 
COS0COS0, 1+ , - „ n . 
S{O,0,) = -
x = cos"'(cot6'cot6'/) (4) 
The point quadrat method typically explores a volume V of the canopy often resembling a 
parallelepiped (voxel) in that statistics are acquired by passing a probe along a length d at 
several locations within an area A such that the resulting N(8) relates to the volume V = A-d . 
When applying a contact frequency based approach to TLS data, a voxel based approach thus 
seems a natural choice. One should note, however, that TLS data will 1) include returns from 
woody components, (2) involve volumes not explored because the beams were blocked before 
reaching the target voxel/volume, and (3) a giyen laser beam making contact with material 
within the target voxel/volume will fail to detect material located behind the point of contact 
within that same voxel. These issues will have to be accounted for when retrieving the quantities 
necessary to solve equation 1 on the basis of TLS data. 
4.4. Material and Methods 
4.4.1. Study area 
The study site is 50 x 50 m2 in size and is located in the Soudanian zone of the Sahel, near the 
city of Segou in Mali, Africa (see Figure 4) (latitude: 13.293° North; longitude: 6.551° West; 
altitude: 290 m). This specific location was selected for this study because it is part of a broader 
scope study on the characterisation of savanna structure from multiangular space-borne 
observations. Savanna ecosystems occupy 20% of the terrestrial surface. They are characterized 
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by the coexistence of trees and grass in highly heterogeneous spatial patterns. Savannas face 
important anthropogenic pressure, their dynamics are not well understood. Furthermore, many 
ecological questions remain, particularly pertaining to the equilibrium between growth forms and 
the effect of a changing climate and higher atmospheric CO2 on this sensitive environment. 
The study area is generally flat, with a mean annual rainfall between 600 and 1000 mm, which 
makes it suitable for agriculture. The rainy season lasts about 4 to 5 months between June and 
September. Most of the region is farmed and trees are preserved when the land is cleared for 
cultivation. The area selected is largely dominated by the shea tree {Vitellaria Paradoxa), well 
known for the shea butter produced from its nuts. The average tree density computed from a 250 
ha zone around the study area is 17 trees ha"1, the large majority of which are mature trees. For 
25 trees sampled in the immediate vicinity of the study site, the mean tree height was 8 m 
(standard deviation, S.D.= 1.3 m), mean crown diameter was 6.5 m (S.D.= 1.3 m), and mean 
diameter at breast height (DBH) was 40 cm (S.D.= 9 cm). The tree leaves are relatively flat with 
some undulation at the edges, and elliptical in shape; statistics on their size can be found in Table 
1. The 50 x 50 m2 area was selected on the basis of containing trees with very low and very high 
leaf densities. It contained a total of 8 shea trees; the 2 trees with the highest and lowest leaf 
densities were selected, and 4 more trees were selected randomly for a total of 6 trees used for 
the study. The number of trees selected was based on the available resources to carry out direct 
measurements of leaf area. 
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Figure 4 - Location of the study area located near the city of Segou, Mali. The insert present an 
example of a TLS cloud point from one of the shea trees selected for this study (the upper, 
middle and lower crown layers used in this study are indicated). 
4.4.2. Direct measurements of leaf area 
Each of the 6 tree crowns were divided and marked into three vertical layers (lower, middle, and 
upper (see Figure 4)) of equal depth by attaching colour flagging to 4 branches at each height 
separating 2 layers. For each layer, the total surface area of all foliage was measured using the 
fresh weight to area ratio method (Norman and Campbell, 1989). All tree leaves were harvested 
by layer and weighted using a commercial grade scale. Samples of 15 leaves were then randomly 
selected from each bag containing leaves from a given layer and put in sealed plastic bags for 
transport to a laboratory where they were weighted using a high precision analytical laboratory 
balance. Approximately five hours passed between the moment the sampled leaves were sealed 
and the moment they were weighed in laboratory. The sampled leaves were scanned immediately 
after being weighted using a flatbed scanner at a resolution of 300 DPI. 
The area of each leaf in the samples was computed by multiplying the number of leaf pixels by 
the pixel area. Leaf pixels were identified on the scanned image by performing a classification 
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with the ENVI software (ITT Visual Information Solutions inc., USA) The total leaf area for 
each layer was computed using the following equation: 
W • A 
A La> er L eaf samples / C \ 
Leaf samples 
where Aliner is the total leaf area in a given layer (in m2), W/mtr is the weight of all leaves in the 
layer (in kg), A[eat les is the leaf area of the sample (15 leaves from each bag) taken from the 
layer (in m ), and Wleaf les is the weight of the leaf sample taken from the layer (in kg). The 
mean weight of W/aur was 10.3 kg, and the mean weight of WLeafsamples was 14.5 gr. The 
accuracy of the scale used was evaluated at 0.5 kg (half of the smallest graduation on the scale), 
and that for the laboratory balance 0.1 g (accuracy provided by the manufacturer). Considering 
the resolution used for scanning the sampled leaves with the flatbed scanner, and the 
methodology used for classifying the leaf vs. background pixels, the accuracy of the surface 
measurements on the sampled leaves (ALeafsamples) was estimated at 5 % of the total leaf surface. 
These measurement uncertainties were used to compute the combined uncertainties for each 
Alayer estimates using the method described in ISO (1993). The A7 values and the associated 
estimated standard deviation values for each tree are given in Table 1. 
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Table 1 - Structural parameters of surveyed trees. Leaf size was measured using the Photoshop 
software (Adobe Systems inc., California, USA). Leaf length was measured in the direction of 
the midrib, and width in the perpendicular direction. 
Leaf size 
Tree DBHa (cm) Tree height Crown layer Leaf area Width (cm) Length (cm) 
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 : Standard deviation 
4.4.3. TLS instrument and in situ measurements description 
The TLS instrument used in this study is the ILR1S-3D (Optech inc., Toronto, Canada). The 
1LRIS-3D is a long range TLS emitting laser beam pulses at 1535 nm within a 40° x 40° field of 
view window. It uses the beam's travel time to compute the distance to targets. For a 20% 
reflectance target, the instrument can detect a return signal from 800 m away; while it can also be 
used for short range targets to a minimum of about 2 m. This is achieved by using a dual channel 
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detector, called low and high gain. The low gain channel measures high intensity returns, while 
the high gain measures low intensity returns. For any given detectable return signal, a point is 
recorded in one of the two channels based on the return intensity. Intensities of returns are then 
stored in 8 bits format for each channel. 
The minimum angle between consecutive laser pulses emitted by the instrument is 26 uradians 
horizontally and vertically, yielding a minimum distance between consecutive beams of about 
0.5 mm at a distance of 20 m from the instrument. The angle between pulses can be programmed 
to larger values to yield a lower scanning resolution. The laser beam has a radius of 6 mm when 
leaving the instrument and increases with distance following the relation: 
^ „ , = ( 0 . 1 7 - D + 1 2 ) / 2 (6) 
Where Rueam is the beam radius in mm, and D is the distance to the target in m. The beam's 
energy is however not equally distributed within this circle of radius i?aram, but rather follows a 
Gaussian shape (Optech inc., personal communication, 2009). The portion of the beams energy 
reflected by targets in the direction of the instrument is measured using a parabolic mirror 2.54 
cm in radius (which we will refer to as R-Mirror) concentrating the energy towards a photodiode 
located next to the laser source. 
The six trees selected for this study were scanned from two locations on opposite sides of the 
trees in first return mode. The choice of return mode was motivated by the fact that most of the 
tree foliage is located on the outskirts of the crown, and recording the first return was assumed to 
provide most information about this area of the crown rather than the last return which would 
provide more information on the inside or opposite side of the crown. The scans were performed 
before and after the harvesting of leaves and are described in more detail in Table 2. At the 
resolution used (around 260 uradians between consecutive laser pulses), each scan took about 20 
to 25 minutes to complete. The scans were all performed in very low wind conditions (no 
movement in tree leaves could be perceived). For all scans the TLS was placed on a survey 
tripod about 1.7 m above ground, and at a distance of about 20 m from the scanned tree to insure 
the entire crown was well within the 40° x 40° field of view window. Each selected tree was 
scanned from two positions providing a view line from opposite directions. This lateral sideways 
measurement pattern was found to be advantageous by Van der Zande et al. (2006). The pairs of 
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scans for each of the six trees were aligned to a common reference system using the Pointstream 
3DImageSuite software (Pointstream inc., Ontario, Canada). This was achieved by using the 3 
reference targets placed on the ground for a first approximate alignment, followed by the 
iterative closest point algorithm by Besl and McKay (1992) implemented within the Pointstream 
software, for which results gave RMSE values under 3 mm. For the tree with the highest leaf 
density (tree #6), a third scan of the tree was made in a direction perpendicular to the two other 
scans. 
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To estimate leaf inclination angles, a supplementary scan was performed at a higher beam 
density on one shea tree located within the same 50 x 50 m2 area as the other 6 trees selected for 
this study. For this scan, the TLS was placed 3 m above the ground, at a distance of 8 m from the 
tree trunk, and selecting a scanning configuration resulting in a beam spacing of approximately 
1.5 mm at the tree trunk. This configuration was selected to obtain a scan direction close to the 
horizontal. It would not have been possible to use this configuration for the scans of the other six 
trees because of the longer scanning time, the reduced field of view and considerations relating 
to setup logistics. This scan was made during a time of non-perceptible wind conditions to 
minimise leaf movement during the scanning time. 
Leaf reflectance measurements were made in the field using an ASD FieldSpec® FR 
spectroradiometer attached to the plant probe accessory (ASD Inc., Boulder, CO, USA) during 
the same period the TLS measurements were performed. The reflectance measurements were 
made on 6 leaves randomly collected from different heights in a shea tree located close to the 6 
trees selected for the leaf area estimates. The measurements were made on each leaf within 
minutes of collecting them, and were done with leaves placed in front of a sheet of dark material 
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absorbing most of the incident light. An average of all measurements was computed to obtain a 
mean leaf reflectance ai.eaf=0.28 at the wavelength of the TLS instrument (1535 nm). 
4.4.4. Pre-processing of TLS data 
The pre-processing of the TLS point clouds served four purposes: (1) characterising the leaf 
angle distributions for each layer in the crown, (2) normalising the TLS return intensities to a 
common distance, (3) separating foliage and wood within the TLS data on the basis of the return 
intensity, and (4) computing a correction factor for contact frequency (N) errors due to a non-
zero laser beam size. 
4.4.5. Computing leaf angle distributions 
A total of one hundred leaves were randomly selected in equal proportions from the different 
vertical layers (lower, middle, and upper) within the high resolution point cloud described in the 
above section 4.4.3. Following the method used by Hosoi and Omasa (2007), points forming a 
leaf were manually isolated and a plane was fitted to them using a best fit algorithm provided by 
the Pointstream software. The angle between the plane's normal and the zenith direction was 
then computed. 
In Figure 5 we show the leaf angle measurements divided into 9 classes (denoted q) of 10 
degrees each (from 0° to 90°). For each class, 6L is the midpoint angle of the class. The value 
assigned to a given g(9i(q)) is the number of sampled leaves within the class centered at 6L over 
the total number of sampled leaves. The leaf angle distribution for the measured tree approaches 
a uniform distribution in the lower layer, and tends to be more erectophile in the middle and 
upper layers. This can be explained by leaves in the upper part of the tree being exposed more 
directly to sunlight compared to those in the lower part of the crown. Adjusting leaf orientation is 
one of the known strategies used by trees to control the amount of absorbed solar radiation and 
regulate leaf temperatures (Gates, 1980). The upper layer leaves therefore seem to increase their 
inclination angle to avoid overexposure and excessive leaf temperature. A uniform distribution 
of leaf angle distribution appears to adequately account for the measured statistics of leaf 
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orientation in the lower layer, while an erectophile distribution seems more appropriate for the 
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Figure 5- Proportion of shea tree leaf angle measurements (n=100) from each crown layer falling 
within the 9 inclination angle classes of 10 degrees each. These measurements are derived from 
the orientation of planes fitted to the points forming each of the 100 sampled leaves. 
4.4.6. Normalising TLS return intensities to a common distance 
Laser beam return intensity is not only a function of the target reflectance and the portion of 
beam hitting the target; it is also dependent on the distance between the instrument and the 
target, the angle of incidence and the BRDF of the target. In order to separate wood from leaf 
returns, one should ideally address all of these issues. Since both the BRDF of the leaf and wood 
scatterers as well as their exact orientation with regards to the incident laser beam were 
unknown, we decided to proceed under the assumption of lambertian scattering properties and 
focused on first normalising the TLS returns intensities to a common reference distance. The 
intensities were normalised here to a distance of 20 m since the trees scanned in the field were 
located on average at a distance of 19.2 m from the TLS (distance to the tree trunk). In order to 
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achieve this, we first formulated equations for retrieving a target apparent reflectance from a 
given digital number (DN) and distance. By retrieving the target apparent reflectance, one can 
then compute the DN that would have been measured if the target had been located at a distance 
of 20 m. 
To establish the relation between the DNs recorded by the instrument, the distance from the 
scanner, and the reflectance of the targets, an experiment was set up in laboratory using five 
Spectralon® reference panels (Labsphere inc., NH, USA) of nominal reflectances of 5%, 20%, 
40%, 80%, and 99%, respectively. Actual reflectance values (a) at the TLS wavelength of 1535 
nm were obtained from the panels' calibration curves and amounted to a =7.8, 28.4, 49.1, 86.4, 
and 98.6 % respectively. All five panels were scanned using the same 1LR1S-3D instrument as 
was used in the field from distances of 5, 10, 15, 20, 25, and 30m. Figure 6 shows the recorded 
DN as a function of distance D [m] for the five spectral panels. Also indicated are best fitting 
straight lines 
DN(a) = I(a) + S(a)-D (7) 
allowing to relate the DN retrieved by the TLS instrument to the distance D of a Spectralon panel 
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Figure 6 - Results from the laboratory experiment where Spectralon panels were scanned using 
the TLS instrument from distances between 5 and 30 m (at 5 m intervals). The plot shows the 
TLS return intensities (in Digital Number, DN) as a function of distance (D) and Spectralon 
target reflectance (a). The grey area refers to the range of distances between the TLS instrument 
and the trees scanned in the field. The decrease in DN values below approximately 16 m is 
caused by the base distance between the laser emitter and parabolic mirror receiving the signal; 
this instrument response is to be expected with the ILRIS-3D because at short range the beam 
footprint is only partly visible to the detector (Pfeifer et al., 2008). 
The left (right) panel of Figure 7 then shows how the slope S (intercept I) changes as a function 
of the actual reflectance of the Spectralon panel (a). Also indicated here are the second order 
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equations fitted to the slope and intercept values. Inserting these two equations into equation (7) 
allows expressing DN as a function of distance and apparent reflectance: 
DN = (/, +S2 D)a2 +(/, + S, •£>)•« + (/„ +SQ • D) (8) 
where So, Si S2 and Io, li. I2 are the parameters provided in the left and right panels of Figure 7 
for the slope and intercept equations respectively; a is the apparent target reflectance, and D is 
the distance from the scanner to the target. Equation (8) can be easily solved for a, thus allowing 
to relate TLS information (DN and D) to apparent reflectance a. Apparent reflectance values 
were computed for all points in the TLS dataset. This information was subsequently used to 
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jure 7 - Nonlinear fit of the slope S(a) and intercept 1(a) values for the relation 
I(a) + S(a)-D established in Figure 6 as a function of the actual reflectances of the 5 
Spectralon® panels (R2 > 0.99 in both cases) 
4.4.7. Separating photosynthetically active from non-active material 
The absorptance at 1535 nm is higher in leaves than in branches because the electromagnetic 
energy of the laser is partly transmitted through the leaves and partly absorbed by the leaves 
water content. Separation of foliage and bark on the basis of laser beam return intensities 
requires finding a proper separation threshold. In this study, identifying this threshold was done 
by analysis of the normalised intensity histograms for scans of trees with foliage (leaf-on) and 
without foliage (leaf-off). The bin values for the leaf-off histogram were multiplied by a 
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correction factor (between 0 and 1) to compensate for parts of branches not visible to the TLS in 
the leaf-on scans. A correction factor was computed for each tree on the basis of a best fit 
between the leaf-on and leaf-off histograms at DNs corresponding to wood only. On the basis of 
equation (8) and aLeat=0.28, the latter DN range was defined as DN>18 (at D=20 m). 
Figure 8 shows the shape of the histogram of normalised TLS returns for leaf-on and leaf-off 
conditions for tree number 2. The vertical line identifies the DN threshold value for leaf and 
wood separation which minimized misclassified points (i.e. it numerically balances the 
contribution of returns from misclassified wood and leaf returns. These areas are marked as WL 
and LW, respectively in Figure 8). 
Threshold 
80000-1 
O TLS data for leaf-on conditions 
• TLS data for leaf-off conditions 
Normalised digital number (DN) from a distance (D) of 20 m 
Figure 8 - Illustration of the histograms-based approach for separating wood from leaf laser 
returns from leaf-on and leaf-off TLS point clouds (example of tree number 2 is shown here). 
The area denoted as L represents correctly classified foliage returns, and the area labeled W 
indicates the area correctly classified wood returns. The area denoted WL represents wood 
returns classified as leaves, the LW area represents foliage returns classified as wood. The 
threshold value to separate wood and foliage returns (vertical line) is set by balancing the two 
areas in grey (WL and LW). 
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4.4.8. Correcting for the effect of laser beam size 
In the point quadrat method, a contact should only be accounted for when the center of the probe 
falls within the area of a leaf (Warren Wilson, 1963). However when using a probe of a given 
diameter, contacts are also recorded when the probe hits the edge of a leaf while having its center 
outside the leaf area. This effect will increase as the leaf size decreases. 
To account for the finite size of the laser beam we seek to compute the fraction of returns having 
their center outside the actual leaf surface and this for all possible scan angles and leaf 
orientations. To achieve this, one needs to know what is the minimum area of the beam that has 
to be covered by the leaf to still trigger a return, or in other words, what is the fraction of the 
power of the beam that must be scattered back to the receiver {I/Io)- Since the illumination and 




where / is the received energy, Io is the emitted energy, RMnror [m] is the radius of the parabolic 
mirror concentrating the received reflected energy to the photodiode, D [m] is the distance 
between the scanner and the target, and S(0, 9L) is defined in equation (3) and amounts to unity 
for the spectral experience described in section 4.4.6. 
Equation (9) can be used to compute I/Io for the Spectralon panels at D=20 m. Figure 9 shows 
I/Io plotted against the DNs recorded during the experiment described in section 4.4.6. The solid 
curve indicates a second order equation relating I/Io to DN whereas the dashed line relates the 
DN value of a leaf having a reflectance aLeaf=0.28 (DNLeaf being computed with equation 8) to its 
corresponding intensity ratio (^h)Uiaf • Finally, the dotted line links the minimum DN 
(DNMm=3) to the corresponding ratio ( / / / 0 ) . The latter can thus be interpreted as arising 
from a laser beam partially hitting/overlapping with a leaf having a a=0.28. 
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Hence, the minimum fraction of the power (fp) required to trigger a return from a leaf is 
(I I h)s,,n= V(^ / /o ) • N o t e t n a t s ' n c e fp ' s t n e r a ti° °f t w o 01h) quantities, any 
approximations in equation (9) will cancel out (i.e. S(8, 0L)). Using this approach, the minimum 
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Figure 9 - The ratio of received to emitted energy -computed with equation 9- for the 3 
Spectralon panels and their corresponding DN number measured at a distance of 20 m. The solid 
curve represents a quadratic equation fitted to the data (R2 > 0.99). A DN of 3 represents the 
lowest possible return of the low gain channel of the TLS, and a DN of about 18 relates to the 
intensity of a return from a laser beam incident at 90° completely covering a Lambertian leaf 
(with <xLeaf=0.28 located at D=20 m). 
In order to compute the maximal distance between the beam center and a leaf edge to trigger a 
return in the low gain channel, we used 3D computer assisted drawing to simulate the 
intersection of the beam's energy (having a revolved Gaussian shape in 3D) with a leaf. These 
simulations were done at the tip and on the side of an average elliptical leaf shape modelled 
using the dimensions indicated in Table 1. Results show that on the side of an elliptical leaf, a 
beam centered outside the leaf area but at a distance smaller than 2.3 mm from its edge will 
trigger a return in the low gain channel. On the tip of a leaf, the greater curvature reduces this 
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distance to 1.9 mm. TLS returns in the high gain channel (i.e. DN<3) thus corresponds primarily 
to laser beams grazing the edge of a leaf or wood part at D=20 m and theses rays were 
disregarded from the analysis in our retrieval of the contact frequency N. 
To compute the fraction of beams with centers off the leaf (N'(]H, ) out of all beams capable of 
triggering a return (.N'*)S+ol,,.), the Monte Carlo ray-tracing model of Govaerts and Verstraete 
(1998) was used to generate two ellipses, an inner one representing the area of a typical shea leaf 
and a larger second one having a minor (major) radius surpassing that of the smaller ellipse by 
2.3 (1.9) mm. Simulations for all possible leaf azimuth and zenith angles were carried out for a 
TLS view angle 0=90° (corresponding to a scan parallel to the ground), and 9=65° corresponding 
to a scan pointing into the top of the crown. The results of these simulations can be seen in 
Figure 10, where the horizontal bars represent the average overlap correction factor 
H{0, ) = N"N (0,) I N*N+(m. (0, ) for the 0L intervals corresponding to those used in defining the 
angular distribution of leaves (see Figure 5). This was then averaged over the measured leaf 
orientation directions (for a given layer in the crown) to yield the overall overlap correction 
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Figure 10 - The correction function H describing the ratio of the number of beam centered on the 
leaf ( Nf)iX ) to the total number of beam generating a return from the leaf ( N"N + N"H. ) as a 
function of the leaf inclination (0L) and view angle (8). 
4.4.9. Application of the inclined-point-quadrat method to the voxelized TLS 
measurements 
A voxel is remote sensing jargon for the 3D counterpart of a pixel in an image and relates to an 
elementary volume in 3D Cartesian coordinate space, typically having a square base. To assess 
the effect of voxel size on these results, the TLS data were processed using voxels with 10, 30, 
and 50 cm in side length (AH). More specifically, for each point in the TLS point clouds, the 
intensities were normalised to a distance of 20 m, and then identified as leaf material, wood 
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material, or returns from the high gain channel. For each voxel, the theoretical number of beams 
(Nj) that could reach the target voxel (if no beam was stopped by material located between the 
scanner and the voxel) was computed. This accounts for the scanning configuration used and the 
instrument location with regards to the tree. Next, the number of beams (NB) that were prevented 
from entering the target voxel (because they were interacting with objects outside the voxel) was 
calculated. This type of approach was first suggested by Durrieu et al. (2008), and further 
adapted by Côté et al. (2011). 
Since each voxel can be sampled from two or more different scans, only the information from 
the scan having the best "view" of the voxel is used in our approach (i.e. the scan from which the 
most beams enter the target voxel). This corresponds to the scan having the highest value of 
N7 — NH. Only the information from one scan is used because information from different scans 
can have different incidence angles (0), thus yielding different G(9). For the selected scan, a 
second group of statistics is then generated, namely: 
d : Average distance of theoretical beams traveling through the target voxel, 
N'/ : Number of returns from inside the target voxel corresponding to leaf material 
Nf : Number of returns from inside the target voxel corresponding to wood material 
N(; : Number of beams passing through the target voxel without interaction 
5\, SG : The average distance traveled by beams hitting leaves and going through the target 
voxel, respectively. 
When computing NT, one needs to consider the beams for which returns were recorded by the 
high gain channel (Nj*! ), such that: NT = N„+N(1 +N1/ +Nf +Ntl'<:, where A'/ + Af +N'l"i 
relate to the total number of beams which interacted with material inside the target voxel. 
For the observed leaf angle distribution in a given layer, N1,' H represents the number of returns 
estimated to be centered on a leaf. Accounting only for leaves and gaps, and assuming the 
material is randomly distributed inside a voxel (which is expected to become truer as the voxel 
size increases, the number of leaves within the voxel increases, and the leaves size is relatively 
small), the contact frequency N for the entire voxel volume (if beam contacts with material 





Where AVol is the inverse of the voxel volume fraction which was explored by the beams, and 
is defined as: 
N d 
AVol = j—L
 ; — (12) 
N(l-S(i+Nj -H-ôj +NJK,-SlK' 
Using equation (I), (11) and (12), we obtain the LAD [m1] of each voxel: 
LAD, = # , IG{6) (13) 
where G(9) can be expressed as (Hosoi and Omasa, 2006): 
G(0) = fjg(e!(q))S(û,ûl(q)) (14) 
and g(0L(q)) relates to the leaf angle distribution and is described in section 4.4.5. 
If we integrate LAD over the vertical length of a voxel, one can define LAI for a given voxel as: 
LAIV =LAD, A//. And the leaf area within the voxel (LA, ) can be obtained from: 
LA, =LAD, -A//3. 
4.4.10. Post-processing 
4.4.10.1. Voxel occlusion inside the tree crowns 
Occlusion effects are caused by material intercepting laser beams and stopping them from 
making contact with material located further along their path. Areas with high density of material 
(for example a tree branch or a crown with very dense foliage) will intercept a large amount of 
incoming laser beams. In these situations, a voxel volume might not be sampled by a sufficient 
number of beams to allow a reliable calculation of LAIv. In our dataset, this occurred mostly in 
the crown center of the tree with very dense foliage (tree #6). Incidentally, the area most affected 
by occlusion is also an area where less sunlight penetrates and where we expect to find less leaf 
material. In order to minimize the effect of these "data holes", a light transmission model (LTM) 
was used to assign LAIy values based on the amount of sunlight reaching the affected voxel. The 
approach used is based on work by Côté et al. (2009) on plant architecture modeling. 
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In order to identify what constitutes an occluded voxel, we looked at the difference in LAIy 
when retrieved from one scan exploring 40-60 % of a voxel and from a second scan exploring 
less than 40 % of the same voxel volume. Figure 11 plots the difference in retrieved LAIy values 
as a function of the explored voxel volume (1 /AVol, from the scan exploring less than 40 % of 
the target voxel volume) and provides an estimate of the variability of the results as we explore 
less of a voxel volume. The insert in Figure 11 shows the cumulative difference between LAIy 
values obtained under good and poor sampling conditions, and from this graph a threshold value 
for 1 /AVol of 0.15 was chosen to denote an occluded voxel. 
The LTM approach was applied using a set of 10 light sources to simulate the available light at a 
given voxel within a tree crown. Six of these light sources were positioned above the tree to 
simulate sky illumination conditions. Four light sources were located on the ground to simulate 
solar energy reflected from the ground, which had an albedo o f - 0.4 at X.= l535 nm. Light 
sources above the trees were placed on each side of the tree (were the TLS was placed during the 
field scanning) at an horizontal distance of 30 m from the tree trunk, 10 m apart and 10 m above 
the ground. Light sources positioned on the ground were placed at a distance of 5 m from the tree 
trunk, 2 on each scanning side, 3 m apart. The light sources positions were selected as such to 
avoid occluded areas, more frequent in the center of the crown and along the axis perpendicular 
to the scanning directions, to be considered as empty spaces allowing light transmission. The 
amount of light reaching a given voxel in the crown was estimated from each of these ten 
sources by first summing the LAIv values of all voxels located between the voxel and a given 
light source, and then averaging the 6 smallest summed values. The resulting average value for 














Proportion of voxel explored (in %) 
10 20 30, 
J _ _ _ • • , I I w 40 
10 15 20 25 30 
Proportion of voxel explored (In %) 
35 
Figure 11 - Difference in LAIv values between estimates using data from one of the TLS scans 
which a good view of the voxel (60 % < 1/AVol > 40 %) and estimates based on the opposite 
scan which has a poor view of the voxel (1/AVol < 40 %) as a function of the proportion of 
explored voxel for the poor viewing conditions. The computed differences for 7900 voxels 
selected from the six trees used in this study are averaged over bins of 2.5 % of explored voxel 
proportion. The dotted line in the insert represents the 15 % threshold selected for the 
identification of occluded voxels. 
This procedure was first used to non-occluded voxels (1/AFo/ > 0.15) in order to identify the 
maximum LAIv values which could be encountered in a given simulated light environment. 
The ^ LAIV values of the non-occluded voxels were then binned at intervals of one and plotted 
against the maximum LAIv values ( LA1V "* ) that was found within each of these bins. This 
relationship (which is shown in Figure 12) provides an estimation of the maximum quantity of 
leaves a tree can grow within a voxel volume given the available light reaching that voxel. One 
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can see from Figure 12 (which shows data from tree #6) that for high light availability values, the 
maximum leaf density a voxel can contain is relatively constant up to a tipping point, from 
which, as light availability decreases, the maximum leaf density decreases exponentially. The 
solid line in Figure 12 was generated using the "plateau followed by one phase decay' equation 
within the Prism software (GraphPad Software inc., USA). Similar graphs can be generated for 
all trees to obtain an estimate of a probable LAIy value (LAIt ) that would be generated in a 
given light availability condition. We then make the assumption that the production of leaves 
within a crown given a light availability condition is uniformly distributed between 0 and the 
maximum LAIv value, and compute a LAIy value from LAIy =LAIy'ax 12. For each occluded 
voxel of each tree, the LAIy value assigned to the voxel was obtained using the ^LAIV value 
of this voxel and the equation relating light availability to LAIv generated for the corresponding 
tree. When running the LTM and adding leaf material in the crown, light conditions within the 
LTM change, hence the model is run for a number of iterations to adjust the LAIy according to 
the new light conditions recomputed for each model run. The iteration process was stopped when 
a convergence in the tree leaf area estimate was reached (less than 0.5% variance between 
consecutive leaf area estimates). 
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Material traversed by light to reach voxel ( ^LAI,,) 
x.v.z 
Figure 12 - Maximum LAI value of non-occluded voxels versus an indication of the foliage 
material the light transmission model had to traverse before reaching this voxel ( ^ LAlv ). The 
case of tree number 6 is shown here. The function 'plateau followed by one phase decay' is fitted 
to the data with a R2 of 0.81. 
4.4.10.2. Crown edge voxels 
In a voxel-based representation of a tree, the voxels located on the outer edge of the tree crown 
typically extend into the empty space surrounding the tree crown. These voxels give rise to a 
situation within the LTM where voxels having high light availability values (or a low j^T LAlv 
x,},: 
values) have low LAIy values. This effect (hereafter called the "outer edge effect") offsets the 
"^LAIy values and its amplitude increases with voxel size. To correct for this, an additional 
processing step was applied prior to running the LTM. This involved reducing the size of those 
voxels located at the edge of the tree crown such as to minimise the volume of space not 
belonging to the actual crown. 
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4.5. Results 
Figure 13 shows the results of the TLS-based leaf area (LA) estimates plotted against the leaf 
harvesting LA values for all of the 6 trees used and for various voxel sizes (left panel). Before 
application of the light transmission model (LTM), the TLS based estimates at a voxel resolution 
of 10 cm are within 9 % of the direct measurements except for trees number 4 and 6. At a 
resolution of 50 cm, all except these two latter trees are within 18 % of the reference values. 
After application of the LTM (right panel), the LA value for tree number 6 is significantly 
improved (from a 53% difference with the reference LA value to only 8%), while LA values for 
trees number 2,3, and 5 lie above the reference values. 
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Figure 13 - A 1 to 1 plot of leaf area estimates obtained with the TLS and leaf harvesting 
methods for different voxel sizes (left panel), and with the use of the LTM for correcting 
occlusion effects (right panel). The horizontal error bars relate to the standard deviation on leaf 
area estimates obtained from leaf harvesting. 
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To obtain tree LAI estimates, the crown projection on the ground was computed for each tree by projecting voxels containing material 
on the ground plane (using a 10 cm voxel resolution), and multiplying the resulting number of pixels by the pixels area. The tree LAI 
values are obtained from dividing the leaf area by the crown projection on the ground. The resulting crown ground projections and the 
tree LAI values for each of the voxel resolutions used are presented in Table 3. The latter complements the 1 to 1 plots shown in 
Figure 13 in providing more detail on the agreement between the TLS-based retrieval and reference values. Comparing the vertical 
projection of the crown volume onto the ground surface, we see that two of the tree crowns are relatively small in size (trees 1 and 4; 
around 39 m ), three are medium (trees 2, 3, and 5; around 53 m ), and tree number 6 stands out at 74 m . 
Table 3 - Tree LAI values computed using the TLS-based leaf area estimates at different voxel resolutions (AH), with and without 
applying the light transmission model (LAl^^im > an^ LAIAHI-WM respectively), and their relative biases (R.B.) to LAI values 
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Vertical profiles of leaf area were obtained by horizontally summing the LAV values for each 
vertical level in the voxel matrix at a voxel resolution of 30 cm. The leaf area profiles were 
retrieved with (white) and without (grey) the LTM for trees of low (tree #1), average (tree #3), 
and high (tree #6) leaf density as shown in Figure 14. The maximal LA values attained at a given 
height in the trees are 2.6 m2, 7.0 m2, 10.3 m2, 6.7 m2, 10.1 m2, and 28.2 m2 for the trees 
numbered 1 to 6 respectively. As expected, the usage of the LTM has the largest impact when 
the leaf area of the tree is large. From the differences between white and grey areas we see that 
occlusions mostly occur in the middle and upper layers of the crowns. This is most likely due to 
the height of the TLS instrument during the scans providing a better view of the lower than upper 
layers. 
Figure 15 provides an appreciation of the spatial distribution of leaf area for the upper, middle, 
and lower layers of the crowns belonging to the same 3 trees. The effect of applying the light 
transmission model on occluded voxels can also be seen in this figure for the case of tree #6. 
Gaps in the data can clearly be seen in the center of the middle and upper layers for tree #6 prior 
to applying the LTM. The post-LTM representations for the same tree indicate that leaf material 
was effectively added to areas on the basis of light availability; less material was added in the 
center of the middle layer, and more material was added to the top of the crown receiving lots of 
light. 
Tree6(LAI=7.16) 
L M * ATM of horbtonUI voxel l*y«r (m*> 
Figure 14 - Vertical leaf area profiles of trees 1, 3, and 6 with (white) and without (grey) using 
the light transmission model. 
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0 LAIV ' 5 
Tree 1 Tree 3 Tree 6* Tree 6 
Figure 15 - Top view representations of trees 1, 3, and 6 where LAIy values are vertically 
integrated over the 3 crown layers (upper, middle, and lower). The voxel dimension is 30 cm and 
the scan directions are approximately from the top and bottom of the figure. Tree number 6 is 
shown before (marked with an asterisk) and after applying the light transmission model to 
provide an appreciation of how the holes in the TLS data (white areas in the center of the crown 
layer) are corrected using retrieved information on light availability. At the bottom are side 
views of the actual TLS point clouds of the same trees with wood returns shown in brown color 
and leaf returns in green. 
The percentages of occluded voxels within the tree crowns (1 / AVol values bellow 15%) versus 
the total number of voxels containing material for each tree are: 3% for tree #1, 11% for tree #2, 
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14% for tree #3, 10% for tree #4, 12% for tree #5, 45% for tree #6 with the 2-scan configuration, 
and 37.5% for tree #6 with the 3-scan configuration. 
4.6. Discussion 
Visual analysis of the results from the separation of wood and leaf material within the TLS point 
clouds tends to show that the approach used here is effective (see Figure 16). Normalizing the 
intensities to a 20 m common distance was a critical step in the separation process. This is novel 
in the literature and it provides a solution to a problem which strongly limited indirect 
measurement approaches using optical sensors (Fournier et al., 2003). However, separating 
material within the point clouds using return intensities from single wavelength TLS instruments 
will most likely always involve a level of misclassification between leaf and wood components. 
This is due in part to the spatial arrangement of wood and leaf parts, their rugosity, and the effect 
of their respective scattering phase function on the return intensities. Adding a second laser beam 
operating in the near-infrared to the instrument could reduce the ambiguity (Strahler et al., 2008). 
Figure 16 - Side view of tree number 2 showing the results of the separation between laser beam 
returns originating from wood (left side) and foliage (right side) based on the return intensities. 
On the right side, the visible edge of the trunk is composed of returns from beams which partially 
hit the trunk, generating intensity returns in the same range as those generated by leaves. 
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Leaf angle distribution function was based on TLS measurements made on one tree with an LAI 
value comparable to the average of all sampled trees. It is uncertain if other trees with different 
LAI had similar leaf angle distributions. Also, the accuracy of the approach for estimating leaf 
angle distribution from TLS measurements is unknown, and remains to be validated against 
direct leaf angle measurements. However, the effect of leaf angle distribution on the computation 
of LAI estimates is believed to be relatively small in comparison with other factors affecting the 
estimates such as beam size and occlusions effects, and the separation of the wood and leaf 
returns. 
Assessing the beam size effect on LAI estimates was highlighted in this study as being 
important, and we believe this to be the case when using measurements made in either first or 
last return mode. Here, the minimum necessary portion of the beam hitting a leaf for a first return 
to occur was determined using a methodology resting on the assumption that leaves are 
Lambertian reflectors. The effect of this assumption on the LAI estimates is unknown and 
requires further investigation. 
Although the use of a greater number of trees would have allowed for a more robust 
determination of the methodology presented here, the resource-intensive methodology selected 
to collect the reference leaf area measurements provided a relatively high level of accuracy (see 
Table 1 for the estimated standard deviations). Prior to applying the light transmission model 
(LTM), the agreement with TLS-based LAI estimates was high except for trees #4 and #6. The 
two main factors responsible for the discrepancies are: (1) the crown shape with regards to the 
scan orientations in the case of tree #4, and (2) occlusion effects in the case of tree #6. 
For tree #4, the scans were not performed from exactly opposing directions; because of practical 
limitations in the field they were oriented at about 30° azimuthally from one another (meaning 
the scan directions had an angle of 150° between them in one direction, and 210° in the other). 
This scanning configuration combined with the crown shape being highly irregular, appears to 
have caused an important part of the crown to contain a much larger amount of very low 
intensity returns. These low intensity returns were recorded by the "high gain" channel of the 
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ILRIS-3D instrument. This phenomenon is believed to be the main reason for the LAI 
underestimation by nearly 30% for that tree. The crown shape has two sides having an elongated 
rather than rounded shape which fell aligned with both scans directions, possibly causing the 
beams to graze the leaves typically facing towards the outside of the crown. The addition of a 3rd 
scans from a location allowing a more symmetrical view of the crown might have been useful in 
reducing this effect. 
The error on LAI estimate for tree #6 is clearly due to the blocking of laser beams by the very 
dense foliage (occlusion), thus causing gaps in the data. Here we presented an approach to fill in 
these gaps exploiting the available information and the relationship between light availability and 
leaf density. This type of approach is complexified by the fact that occluded areas creating holes 
in the crown might be considered by the light transmission model as pathways for light to come 
into the crown, where in fact there is undetected shading material present. For such very dense 
crowns, beam penetration inside the crown might be improved by combining measurements from 
both first and last return modes of the TLS, if this is an available option. In some cases though, 
the use of a light transmission model like the one presented here, or other means of filling 
information gaps, might still be required and testing of this method on a larger number of trees is 
required. 
The third scan performed on tree #6 provides additional information on one side of the crown. 
The 3-scan configuration was processed using a voxel size of 30 cm to assess the gain in 
accuracy associated with an additional scan. Results show that the leaf area estimate increased 
from 249 to 283 m2, i.e. reducing the error by only 6.5% (53% relative bias for the 2-scan 
configuration versus 46.5% for the 3-scan configuration). This result suggests that adding more 
scans will not alone solve occlusion effects for very dense crowns. 
Such occlusion effects are also expected to be present when using TLS measurements for 
estimating leaf area in forest environments having taller trees and a higher tree density. When 
acquiring the TLS data from the ground in such environments, occlusion effects are expected to 
occur mostly higher up in the trees, as laser beams are intercepted by leaves in the lower layers. 
If sufficient information on leaf density and tree extent in the upper layers can be obtained, we 
54 
believe an LTM approach of the type presented here could be adapted and used in that context 
also. However, as occlusion effects become more important, a situation can occur where 
information on the spatial extent of the upper layers is insufficient to support approaches based 
on light availability. In such cases, an approach developed to correct for these 'blind regions' 
using combined ground-based and airborne small-footprint LiDAR measurements represents a 
viable alternative (Hosoi et al., 2010). 
The results when using different voxel sizes presented in Figure 13 (left panel) and Table 3 
indicate that (1) for the lower leaf density tree (tree #1), few occlusion effects occur and the 
voxel size used has little effect on the results, which are in accordance with the reference leaf 
area values, (2) for trees with LAI values between about 2 and 3 (trees #2,3,4, and 5), the results 
using 10 cm voxels better match the reference values; the values being partly above and below 
the reference values, and (3) for the very high leaf density tree (tree #6), occlusion effects are 
very pronounced and the voxel size has little effect on the estimates considering the discrepancy 
with the reference values. 
Hence, when the number of occlusions is low, our results suggest that the TLS data can be 
processed using an approach resembling the contact frequency method using physical probes 
going through leaf material when making contact, as the majority of the volume is then sampled. 
A small voxel size approaching the beam resolution (as was used in Hosoi and Omasa (2006; 
2007)) can then be successfully used. As occlusion effects increase, the TLS data processing 
rests on the assumption of random distribution of small scatterers in areas where the laser beams 
do not penetrate. We suggest that the voxel size to use in these cases has to be increased so that 
the volume of a voxel side is larger than the size of the scatterers (leaves). When occlusion 
effects exceed a certain level (which remains to be characterised), the use of an approach such as 
the LTM presented here has to be applied to fill the gaps in the data. In this case, a voxel size in 
the order of 30 cm appears to provide a balance between a large enough voxel size to satisfy the 
assumptions of random distribution of small scatterers, and small enough size to correctly 
identify the occluded areas and account for foliage clumping. This is to say that the appropriate 
voxel size depends on the tree LAI and the scanning configuration. 
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Validated 3D Monte Carlo ray-tracing models could be used in future studies to better assess 
some of the aspects mentioned here, in particular the impact of unexplored portions of voxels 
and foliage clumping on contact frequency retrieval, and the effect of the non-Lambertian 
property of leaves on the normalisation of return intensities and on the computation of a beam 
size correction function. 
4.7. Conclusion 
This study presented a novel approach for the retrieval of foliage density and distribution 
information from a small number of terrestrial LiDAR scans acquired at 1535 nm on shea trees 
with LAI between 0.8 and 7.2. The physically based method consists of 3 main stages: first, 
point clouds from TLS measurements were analysed for separation of returns originating from 
wood and leaves based on the normalised intensity of the return beams at 20 m. Second, a 
correction function was proposed as a correction of the effects of the laser beam width on the 
estimation of leaf area. And third, a light transmission model was used for filling predominantly 
unexplored voxels arising from occlusion effects. 
The level of agreement between the leaf area estimates obtained from leaf harvesting and the 
TLS measurements shows the great potential value of TLSs as stand-alone tools for measuring 
spatially explicit individual tree leaf area with a high level of detail. The differences found 
suggest that for some crown shapes a 2-scan configuration may cause errors related to grazing of 
the leaves by the laser beams (which then generate very low intensity returns), and that the main 
limitation in the case of high LAI trees is occlusion effects (i.e. limited beam penetration inside 
the crown). 
The leaf area estimate based on TLS technology is reproducible and less dependent on 
environmental conditions compared to existing indirect methods like hemispherical photography 
and other passive optical methods. The use of TLS measurements with the appropriate data 
processing techniques provide a spatially explicit description of leaf area, which could provide a 
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validation base for the calibration of aerial LiDAR measurements as well as other optical earth 
observing systems, especially those relying on radiative transfer modeling. 
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5. A parameterised approach for estimating tree leaf area distribution from terrestrial 
LiDAR measurements 
« Une approche paramétrée pour l'estimation de la distribution spatiale de surface foliaire à 
partir de mesures LiDAR terrestres » 
Auteurs: Béland, M., Widlowski, J.-L., Fournier, R., et Verstraete, M. M. 
Article soumis au Journal Agricultural and Forest Meteorology le 2 Juillet 2011 
Résumé : 
Il a été démontré dans des études récentes que les Scanneurs LiDAR terrestres (TLS) ont un 
potentiel considérable pour estimer et cartographier la distribution spatiale de la surface foliaire 
dans les environnements forestiers. Dans le but d'extraire cette information à partir de données 
provenant d'un instrument TLS, une approche basée sur une reconstruction par l'approche voxel 
s'avère utile pour gérer les effets d'occlusion et générer une cartographie 3D de la surface 
foliaire. Cependant, le nombre d'étapes requises pour traiter ce type de données de façon 
rigoureuse par rapport aux lois de la physique est relativement élevé, ce qui compromet 
actuellement l'utilisation routinière de ce système. L'étude présentée ici vise à simplifier le 
traitement des mesures par TLS à l'aide d'un paramétrage approprié. Une description détaillée de 
chacune des étapes de paramétrage, ainsi que leur impact sur l'estimation de la surface foliaire 
est fournie. L'utilisation d'une méthode paramétrée d'estimation de la surface foliaire réduit 
considérablement la quantité de travail sur le terrain et le temps de traitement des données, en 
particulier en ce qui concerne (1) la caractérisation des angles d'inclinaison des feuilles, (2) la 
séparation du bois et du feuillage dans les données TLS, et (3) la correction des effets provoqués 
par la taille des impulsions laser émises par le TLS. Les estimations de surface foliaire obtenues 
par la méthode paramétrée ont été comparées avec celles obtenues par la méthode décrite par 
Béland et al. (2011), laquelle requiert un accès à des données de terrain supplémentaires et des 
capacités de calcul additionnelles. Cette comparaison a été effectuée sur des estimations de 
surface foliaire calculées pour des arbres d'une savane à feuilles larges du Mali. Certaines étapes 
spécifiques de la méthode ont été testées sur des arbres à feuilles fines de la même région. Les 
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résultats démontrent que les deux méthodes sont équivalentes et produisent des valeurs de 
surface foliaire avec des différences inférieures à 3% (pourcentage d'erreur moyenne absolue) 
pour des arbres ayant des surfaces foliaires entre 28 et 244 m". Pour les applications nécessitant 
un niveau de précision de cet ordre, la méthode paramétrée d'estimation de la distribution 3D de 
surface foliaire présentée ici offre des gains considérables en termes de traitement et 
d'acquisition des données. 
Mots-clés: Scanneur LiDAR Terrestre (TLS); voxel; Distribution 3D de surface foliaire; savanes; 
Densité de surface foliaire (LAD); Index de surface foliaire (LAI); paramétrage 
5.1. Présentation de l'article 
5.1.1. Mise en contexte 
Cet article vise principalement deux objectifs : (1) simplifier et rendre plus accessible aux 
équipes de recherche la méthode d'estimation de la surface foliaire présentée dans Béland et al. 
(2011), et (2) investiguer le poids relatif de chacune des étapes de traitement des données TLS 
pour l'estimation de la distribution de surface foliaire afin d'identifier à quel niveau certaines 
erreurs entraînent les effets les plus importants sur les résultats. Il s'agit en d'autres mots au 
point (2) d'une analyse de sensibilité des résultats aux différentes étapes du processus de 
traitement des données. 
La méthode de Béland et al. (2011) requiert (1) l'utilisation d'un scan TLS effectué à très haute 
résolution et dans des conditions de vent optimales, (2) des traitements manuels de ces données 
pour extraire des statistiques sur l'orientation du feuillage, (3) l'acquisition de mesures TLS des 
arbres avec et sans leurs feuilles, (4) l'utilisation d'un modèle de lancer de rayons pour 
développer une fonction de correction pour la taille des impulsions laser du TLS, et (5) 
l'utilisation d'un algorithme spécialisé de calcul d'intersection entre des impulsions et la matrice 
de voxels utilisée pour compartimenter l'espace 3D occupé par l'arbre. Plusieurs de ces éléments 
complexifient l'utilisation de la méthode et compromettent la reproductibilité de la méthode par 
d'autres groupes de recherche. L'objectif visé de cette étude est donc de simplifier certains 
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éléments tout en évaluant 1*impact de ces simplifications sur les résultats pour permettre 
d'apprécier leur pertinence. 
5.1.2. Méthodes 
Une analyse des histogrammes des intensités de retour des mesures TLS démontre que les 
retours provenant du bois et des feuilles sont centrés autour de maxima et ont un comportement 
Gaussien. Cette particularité permet de caractériser l'intensité des retours provenant des deux 
parties de l'arbre et d'identifier la valeur d'intensité seuil qui sera utilisée pour séparer ces 
retours en deux groupes. 
Afin de permettre de dériver une fonction de correction pour l'effet de la taille des impulsions 
laser vs la taille de la feuille sans avoir à recourir à un modèle complexe de lancer de rayons, 
nous avons développé une série de fonctions pour différentes tailles et formes de feuilles 
d'arbres. Celles-ci couvrent les tailles et formes de feuilles pour une majorité d'espèces 
communes. À partir de cette série de 12 feuilles, une équation a été dérivée pour obtenir la 
fonction de correction à partir d'un paramètre de forme et un paramètre de taille de feuille donné. 
Pour éviter d'avoir à effectuer des calculs complexes liés aux intersections entre les impulsions 
laser et les volumes des voxels, on peut utiliser la théorie de la fraction de trouée (ou probabilité 
de transmission de lumière) basée sur la loi de Beer-Lambert au lieu de la théorie de la fréquence 
de contacts. La méthode basée sur la probabilité de transmission de la lumière peut être adaptée 
aux données TLS en considérant la transmission des impulsions laser à travers un voxel donné 
N 
tel que : Tlls = — r , où TJLS est la transmission des rayons, NQ est le nombre d'impulsions 
N(i + Nj 
qui traversent le voxel sans être interceptés, et N' est le nombre d'impulsions interceptées par 
du feuillage. Cette transmission peut être reliée à la densité de surface foliaire (LAD) par la loi 
de Beer-Lambert : Tn =exp(-LADS-G(0,0I ) ) , où ô est la longueur du volume parcouru par la 
lumière, et G est la fonction de Ross (1981) décrite à la section 4.1.2. Si l'on considère que les 
feuilles à l'intérieur d'un voxel sont distribuées de manière homogène, et que les impulsions 
laser sont quasi parallèles, on peut poser : TTLS~TO. Les unités du LAD sont des m2/m3; cette 
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variable réfère à la densité de surface foliaire par unité de volume, et pour un voxel donné on 
peut poser : LAI=LAD/AH, où AH est la hauteur d'un voxel. 
5.1.3. Portée scientifique et discussion 
L'approche de paramétrage de la méthode d'estimation de la surface foliaire par mesures TLS 
démontre que la plupart des étapes peuvent être simplifiées par l'utilisation des équations 
développées dans cette étude. Les résultats illustrent que la valeur estimée de surface foliaire 
pour un des 6 arbres inclus dans l'étude diffère considérablement selon la méthode utilisée (11% 
de différence). Cet écart est dû à l'identification du seuil d'intensité servant à séparer les retours 
provenant du feuillage de ceux provenant de l'écorce. L'équation développée a produit un 
résultat de 11.4 (qui est arrondi à 11 puisque les intensités sont enregistrées par l'instrument en 
format 8 bits), alors qu'il était de 12 dans la méthode non-paramétrée. Ce résultat suggère que 
l'identification du seuil d'intensité est une étape critique dans ce processus, et que la 
configuration de l'instrument utilisé (résolution radiométrique et gamme dynamique) n'est pas 
optimale pour cette application. Considérant la sensibilité des résultats par rapport à ce seuil, 
notre étude démontre que l'utilisation d'un instrument offrant une meilleure résolution 
radiométrique (par exemple 16 bits) pour la mesure de l'intensité des retours serait souhaitable. 
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Abstract 
Terrestrial LiDAR scanners (TLS) have been shown to hold great potential for estimating and 
mapping 3D leaf area distribution in forested environments. For the purpose of extracting such 
information from TLS data, a voxel-based crown reconstruction approach is convenient because 
it allows dealing with occlusion effects and thus retrieving information on the 3D distribution of 
foliage. However, the number of steps required to process this type of data in a physically-
meaningful manner is relatively high, which may actually prevent routine usage in field 
campaigns. The work presented here aims to simplify the processing of TLS measurements 
through the use of suitable parameterisations. Detailed accounts of each parameterisation step as 
well as its associated impact onto the final leaf area estimates are provided. The usage of a 
parameterized leaf area retrieval method will reduce the amount of necessary field work and data 
processing, in particular with respect to the characterisation of leaf inclination angles, the 
separation of wood and foliage contributions in the TLS data, and the correction for the finite 
cross-section of the laser pulses emitted by the TLS. Leaf area estimates obtained from the 
parameterized method implemented here were compared with those obtained by Béland et al. 
(2011) who used a method that requires access to supplementary field data and computational 
capacities. This comparison was performed on leaf area distributions retrieved from broad-leaved 
savanna trees in Mali. Specific steps of the method developed were also tested on a set of fine 
leaved savanna trees from the same subtropical region. The results show that both methods are 
66 
equivalent and produce crown leaf area estimates to within 3% for one another (mean absolute 
percent error) for trees having estimated leaf areas in the range 28 to 244 m2. For applications 
requiring accuracies of this order, the parameterized 3D tree leaf area reconstruction 
methodology presented here thus offers substantial gains in processing and field measurement 
resources. Whether the achieved accuracies are 'fit for purpose' will depend on the accuracy 
requirements of the intended applications. 
Keywords: Terrestrial LiDAR Scanner (TLS); voxel; 3D leaf area distribution; savanna; Leaf 
Area Density (LAD); Leaf Area Index (LAI); parameterisation 
5.2. Introduction 
Tree foliage properties are critical to describe the interactions between the land surface and the 
atmosphere, in particular the rates of radiation absorption, precipitation interception, and 
photosynthetic activity in individual plants and whole canopies (Parker, 1995). As such, the 
amount of leaves generated by trees is of great interest to the global change research community 
because of their role in the terrestrial part of the global carbon cycle (Asner et al., 2003; FAO, 
2008; GCOS, 2010; Sellers et al., 1997). Moreover, studies investigating the effect of light 
transmission and interception on wood production, species competition, ecosystem and agro-
ecosystem dynamics, and biodiversity rely on a description of the spatial distribution of leaves 
(Asner et al., 2008; Cannell, 1989; Parker, 1995; Pretzsch, 2009). 
The leaf area index (LAI) is an integrated dimensionless metric [m2/ m2] generally used to 
quantify canopy foliage. Among others, LAI has been defined as the total one-sided area of live 
foliage material per horizontal unit ground surface area (Watson, 1947). It can be specified at 
any given spatial scale (e.g., at the sub-crown level or at the plot level) and can be measured in 
situ using different approaches classified as 'direct' or 'indirect'. Direct methods involve the 
counting and measuring of leaves and their application is time consuming (Norman and 
Campbell, 1989). Numerous passive optical indirect techniques are being developed for LAI 
estimation, including hemispherical photography (see Jonckheere et al. (2004) and Leblanc and 
Fournier (2011) for reviews), but currently they are still limited in the spatial explicitness of their 
estimates and in their accuracy (Weiss et al., 2004). The latter is partially due to the need to 
67 
correct for foliage clumping as well as to remove the contribution from non-photosynthetic 
material (Ryu et al., 2010). Norman and Campbell (1989) also identified semi-direct methods 
which include the inclined point quadrat method of Warren Wilson (1960). 
Terrestrial LiDAR scanners (TLS) have recently emerged as promising tools for deriving 
detailed vegetation structure descriptions. Several studies have investigated the use of TLS for 
estimating tree level LAI (Hosoi and Omasa, 2006; Jupp et al., 2009; Lovell et al., 2003; 
Moorthy et al., 2008; Takeda et al., 2008). To process the TLS data, these studies typically rely 
on the theory of light transmission (Po) (Monsi and Saeki, 1953; 2005), also used for analyzing 
hemispherical photography, or the point quadrat (or contact frequency) method developed by 
Warren Wilson (1959). Hosoi and Omasa (2007), Van der Zande et al. (2009), Hosoi and Omasa 
(2009), Hosoi et al. (2010) and Béland et al. (2011) showed that TLS measurements open new 
possibilities for studying the 3D foliage distribution of large trees, over large areas, and over 
several periods of a growing season to obtain time-series. 
A TLS provides accurate distance measurements to objects using a large number of laser pulses 
emitted in the visible or near-infrared part of the spectrum within the instrument field of view. 
While each pulse measurement takes place in a minute fraction of a second, accumulating 
hundreds of points may take anywhere between 1 and 30 minutes or so, depending on the 
performance of the instrument and the requested density of laser pulses. When a pulse's energy 
comes in contact with an object, part of the energy is reflected back towards the instrument and 
triggers the recording of data used to position a point in 3D space (a set of points is referred to as 
a point cloud). Typical issues that have to be addressed when extracting leaf area information 
from TLS data are: 1) dealing with branches and foliage that may move during the scan because 
of the wind, 2) distinguishing between signal returns from bark and leaves, 3) accounting for the 
finite cross-section of the TLS laser pulses, and 4) avoiding systematic biases from canopy 
volumes not sampled by the laser scans due to occlusion by other canopy elements. 
In a recent study, Béland et al. (2011) presented a method which addressed many of these 
challenges in an effort to retrieve leaf area estimates for cubic volumes (voxels) of 30 cm in size. 
This methodology involved a number of relatively time consuming measurements in the field 
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(e.g., TLS scans in leaf-on and leaf-off conditions must be obtained) as well as several data 
processing steps (e.g., measurements of leaf inclination has to be performed on manually-
selected leaves within the TLS datasets, and a correction function for laser pulse cross-section 
effects is generated using simulations of a 3D Monte Carlo ray tracing model (Govaerts and 
Verstraete, 1998)). The complexity of these processing steps and the fact that they are inter-
dependent may limit the operational use of the method for large numbers of trees. 
This study proposes a parameterized approach to the various TLS data handling steps presented 
in Béland et al. (2011), and evaluates the impact of these simplifications in terms of accuracy of 
the retrieved values. We also analyze the sensitivity of the leaf area estimates to changes in the 
parameter values and the functions used. The parameterized method presented here capitalizes 
on earlier modeling, inventory and validation efforts and should facilitate the acquisition and 
processing of suitable TLS datasets for 3D sub-crown level leaf area retrievals. In the following 
section we first provide an overview of the steps involved in the method presented in Béland et 
al. (2011), before describing the various parameterization steps and their implications on the leaf 
area estimates. The results and discussion section includes an analysis of the contribution of each 
step to the error budget. 
5.3. Material and Methods 
The study area lies within a broad-leaved savanna of central Mali dominated by shea trees 
(Vitellaria Paradoxa). The area is generally flat, located at latitude 13.293° North and longitude 
6.551° West, at an altitude of 290 m ASL. The mean annual rainfall is in the 600 to 1000 mm 
range. For this study, a set of six shea trees were selected within an area of 50 x 50 m to carry 
out TLS measurements as well as direct measurements of leaf area. Within a surface of 250 ha in 
the vicinity of the study area, 25 zones of 1 ha were randomly selected to compute an average 
tree density which is estimated at 17 trees ha"1. For 25 randomly selected trees located close to 
the six laser scanned trees, the mean tree height was 8 m. The shea tree leaves are relatively flat, 
with some slight undulation at the edges, and elliptical in shape. Selected structural properties of 
the trees used are presented in Table 4. The leaf area values for the six trees were obtained by 
harvesting the tree leaves (the process required 20 man-days) and using a fresh weight to area 
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ratio method (Norman and Campbell, 1989). For further details on the measurement methods and 
associated accuracies the reader is referred to Béland et al. (2011). 
Table 4 - Shea tree properties 
















































 Trunk diameter at breast height 
The TLS measurements were made using an ILRIS-3D (Optech inc., Ontario, Canada) 
instrument in first return mode during the month of February 2009. This instrument emits laser 
pulses at a wavelength of 1535 nm within a 40° x 40° field of view window and uses the pulse's 
travel time to compute the distance to targets. Returns are recorded in two channels with 
different gain factors. At a distance of 20 m from the TLS, the returns recorded by the high gain 
channel (HG) are due to very low energy returns such as those triggered by laser pulses grazing 
the edges of leaves or twigs. Consequently, these are regarded as noise for the purpose of 
retrieving leaf area, but not so when it comes to identifying what volume of a voxel was actually 
explored by the TLS pulses. The radius of the laser pulse Rpuise is 6 mm when leaving the 
instrument and increases with distance (it is about 7.5 mm at a distance of 20 m from the TLS). 
The pulse's energy is however not equally distributed within this circle, but follows a Gaussian 
shape (Optech inc., personal communication, 2009). Two TLS scans from opposite directions 
were taken for each shea tree with the instrument setup on a survey tripod about 1.7 m above 
ground and at a distance of approximately 20 m from the trunk. The minimum angle between 
consecutive laser pulses emitted by the ILRIS-3D is 26 urad horizontally as well as vertically. 
We used an angle between pulses of approximately 260 urad, yielding a distance between laser 
pulses of about 5 mm at a distance of 20 m from the instrument. Using this configuration, each 
scan took 20 to 25 minutes to complete. 
70 
5.3.1. The LAI retrieval method of Béland et al. (2011) (the original method) 
The steps involved in the original method for leaf area retrieval presented in Béland et al. (2011) 
can be grouped into three categories: pre-processing, processing, and post-processing of the TLS 
datasets. A brief overview of each of these steps is provided here as background to the following 
discussion. 
5.3.1.1. Pre-processing of the TLS data 
Pre-processing operations refer to (1) the computation of leaf angle distributions, (2) the 
separation of wood from foliage laser return intensities, and (3) the computation of a correction 
function for laser pulse cross-section effects. 
1) Leaf inclination angle distributions (g(0O) are determined using a TLS scan specifically 
acquired for this purpose. For this scan the orientation of the center of the TLS field of view 
is in the horizontal plane (perpendicular to the direction of gravity). A large number of leaves 
(>100) are randomly identified throughout the generated TLS point cloud and the 
corresponding leaf normals are defined by manually fitting a plane through the points 
belonging to a single leaf. The drawback of this procedure lies in its labour-intensive nature 
and the fact that it requires access to a TLS scan acquired under extremely low wind 
conditions. 
2) Since the absorptance at 1535 nm is typically higher in leaves than in bark, the separation of 
these two classes of objects can be accomplished, by making certain assumptions, on the 
basis of the intensities of the laser returns (in digital numbers, or DN) after renormalisation to 
a common distance. More specifically, the original method identifies an intensity threshold 
DNj that balances erroneously classified wood returns with erroneously classified leaf 
returns. To achieve this, the method uses TLS data acquired both in leaf-on and leaf-off tree 
conditions for each tree. To account for the higher number of wood returns in the leaf-off 
scans (due to the absence of leaves), the leaf-off histogram is multiplied by a correction 
factor allowing a correspondence between the leaf-on and the leaf-off histograms at higher 
return intensities (where most of the wood returns occur). Figure 17 shows the typical 
distribution of return intensities for the particular case of a fine leaved balanzan tree (Acacia 
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albida) from Mali. The threshold itself is determined by equalizing the areas of misclassified 
wood and foliage in the histograms (grey areas in Figure 17). For the six shea trees used in 
the Béland et al. (2011) study the threshold values ranged between DNr=10 and DNT=16 
(DN values are recorded by the ILRIS-3D in 8-bit format, and typical values generated by 
trees located at a distance of 20 m from the TLS are between 3 and 35 in the low gain 
channel). The main drawback of this approach is the need to acquire leaf-off scans either by 
using the labour-intensive approach of removing the tree leaves, or by going back to the site 
for a second field campaign after the trees have shed their leaves naturally. 
DN normalised at 20 m 
Figure 17 - Histogram of TLS returns normalized to a distance of 20 m for scans in leaf-on and 
leaf-off conditions. The data presented in this figure relate to the measurements made on the 
balanzan tree from the Mali study site. It illustrates the method for separating wood from foliage 
laser returns by using a separation threshold so that the zones in grey (corresponding to leaves 
classified as wood, and wood classified as leaves) are numerically equal in area. 
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3) When using the TLS returns from leaves in order to retrieve LAI, a correction needs to be 
applied for all those cases where a partial overlap between a laser pulse and a target triggered 
a recorded DN even though the pulse center may not have fallen exclusively onto the target. 
By knowing the minimum fraction of pulse power required to trigger a return, one can 
compute leaf-shape dependent buffer areas around the outer rim of a typical leaf from where 
'false' returns would still be triggered. The relative number of these 'false' returns depends 
also on leaf orientation with respect to the incident laser and can be described in its 
azimuthally averaged form by 7/(<9; ) = A ^ (6>, )/N^+()// (Û, ), where N*N is the number of 
TLS pulses with centers on the leaf, and N'*)N+()II is the total number of pulses including 
those where the pulse center hit the buffer area around the leaf. The actual returns that would 
originate from leaves if the laser pulse width had been negligible is thus computed as: 
N';=N'rH (1) 
where H is the mean value of H(0) weighted by the leaf orientation distribution g(0i.)- The 3D 
Monte Carlo ray-tracing model of Govaerts and Verstraete (1998) was used to simulate the 
interaction of the ILR1S-3D TLS pulses with a typical shea leaf in different orientation 
configurations at a nominal distance of D=20 m. Access to a validated Monte Carlo ray-
tracing model is the main constraint here, in particular if the H(0L) function is required for 
other tree species having different foliage shapes and sizes. 
5.3.1.2. Retrieving leaf area information from pre-processed TLS data 
The original method applies the contact frequency approach of Warren Wilson (1960) to the 
insertion of laser pulses inside individual cubic voxel volumes of 30 cm along the side (Ah). The 
method consists in counting the number of times a probe, inserted at an angle 0 from the zenith, 
comes into contact with plant material normalised by the length of the probe. When accounting 
for the size of the probe and the leaf angle distribution, this method allows retrieving the leaf 
area density (LAD)[m"']. Unlike physical needle-like probes piercing through leaves, the laser 
pulses triggering a return from a leaf will not provide information on material located behind it. 
Furthermore, the typical distances travelled by laser pulses within a voxel will depend on their 
point of entry, their direction of travel and the distribution of scatterers within the voxel. To 
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account for these issues, the original method makes use of software codes providing access to the 
mean distances travelled within a voxel by laser returns originating 1) from leaves, 2) from 
wood, as well as those pulses traversing a voxel without generating a return. The retrieval of 
such parameters is obviously not trivial since it requires tracing the paths of each laser pulse 
through the voxels, again requiring access to sophisticated software tools that may not be 
publicly or commercially available. 
5.3.1.3. Post-processing of LAD estimates in tree crowns 
The post-processing in the original method refers to the correction of occlusion effects caused by 
high densities of material preventing certain volumes to be sufficiently explored by the TLS 
pulses. For such cases, a light transmission model (LTM) was developed to assign leaf area 
values to individual voxels based on the availability of light at the location of the voxel in the 
crown. This process cannot be easily simplified, but the LTM approach can be implemented as 
long as crown edge voxels are accounted for, especially in open environments like savannas. 
The goal here is to simplify some of the steps listed above through appropriate 
parameterizations, and to evaluate the performance of the resulting methodology with regards to 
the original field data. The original method of Béland et al. (2011) was found to provide leaf area 
estimates that lay on average within 14% of the measured values for trees with LAIs ranging 
between 0.8 and 7.2. The most significant gain of a parameterized leaf area retrieval 
methodology is expected to come from (1) avoiding the acquisition of scans in leaf-off 
conditions to separate wood from foliage returns, (2) avoiding the need for Monte Carlo ray-
tracing simulations to develop beam cross-section correction functions (H(8i)), and (3) avoiding 
the need for dedicated software to estimate actual distances covered by the laser pulses inside the 
voxels. 
5.3.2. A parametric method for leaf area retrieval from TLS data 
A series of parameterization steps were implemented to facilitate the retrieval of leaf area 
estimates from TLS scans of individual tree crowns. 
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5.3.2.1. Leaf angle distribution 
In cases where the overall pattern of the foliage orientation can be related to a generic leaf angle 
distribution function, the steps involved in the computation of the g(0O can be avoided. The 
resulting bias would then be a function of how close the actual leaf angle distribution is to the 
selected generic case. To provide an estimate of the order of magnitude on the expected errors, 
we compared the results obtained from using the distributions retrieved from measurements and 
those using some of the common leaf angle distributions, i.e. planophile, erectophile, spherical, 
plagiophile, and uniform. For each of these distributions the g(0O was computed using the 
formulation of Bunnik (1978) for which the associated parameters are given in Table 5. 
Figure 18 shows the difference between total crown leaf area values obtained using the measured 
distributions and the generic leaf orientation cases. The results show that the spherical leaf angle 
distribution provides the best overall agreement in leaf area estimates for these shea trees. 
Overall, the use of the spherical distribution yielded differences between -1.0 and +1.6% of 
crown leaf area. Using the planophile distribution yielded an average 36% discrepancy in leaf 
area estimates. Different leaf angle distributions may be required for different species, so 




















Table 5 - Parameters provided by Bunnik (1978) for a series of predefined leaf orientations 
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Figure 18 - Difference in crown leaf area estimates between the measured leaf angle distributions 
and a series of generic leaf angle distributions. All other parameters (i.e. wood-foliage separation 
threshold, laser pulse size correction function, and leaf area computation approach) needed to 
compute leaf area were kept as provided by Béland et al. (2011 ). 
5.3.2.2. Separation of wood from foliage returns 
Histograms of TLS returns acquired at 1535 nm and normalized to a common distance of 20 m 
are typically bi-modal with each maxima being centered near the average return intensity of the 
two main tree components, i.e. the foliage and the bark. Our analysis of TLS data from trees in 
leaf-on and leaf-off conditions indicates that the optimal separation threshold is determined 
mainly by two factors: the location of the histogram maxima, and the ratio of amplitudes of the 
two maxima. The first holds information on leaf and wood spectral properties, while the second 
is an indicator of the relative fractions of wood and foliage that are observable with the TLS. The 
latter is an important factor since the fewer leaves there are in a crown, the more the fine 
branches will become 'visible' to the TLS. This in turn implies that an increasing amount of laser 
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pulses will hit small branches, or graze the outer edge of larger branches, thus generating low 
intensity returns that are indistinguishable from foliage returns on the basis of the return 
intensities. In such cases, the separation threshold needs to be lowered to compensate for the 
classification of parts of the branches as foliage. 
Using only TLS data acquired in leaf-on conditions, a suitable wood-foliage separation threshold 
can be retrieved by fitting a "sum of two Gaussians" function to the histogram of normalised 
returns DNs (see Figure 19). To mimic the natural spread of TLS returns from wood and foliage 
components, two characteristics of the resulting Gaussian equations were retained: (1) the 
normalised DN at which the two Gaussians cross each other (Ic), and (2) the ratio of the 
Gaussians amplitudes (AW/AF, where Aw is the amplitude of the wood Gaussian and Ap the 
amplitude of the foliage Gaussian). A multiple regression analysis was then performed on the 
data from the six shea trees to derive a simple equation that estimates the separation threshold 
(DNT) using only quantities derived from the leaf-on scans, i.e. Ic, and Aw/Af (R2=0.967): 
DN, =26.36-0.7756- / r -5 .778-0V4.) (2) 
For the six shea trees, the rounded integer values for DNj computed from eq. (2) are the same as 
those computed from using the leaf-on and leaf-off scans, except for the tree #2 for which eq. (2) 
yields 11.4 (rounded to DNT=1 1) versus a value of DNT=12 obtained using the leaf-on and leaf-
off scans. Eq. (2) is estimated to be valid for 0.05 <AW I At. < 0.7 . 
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Normalized DN 
Figure 19 - Histogram of leaf-on scans from shea tree #2 with a "sum of two Gaussians" function 
fitted to the data (solid line). Also indicated are: AF (the amplitude of the leaf Gaussian), Aw (the 
amplitude of the wood Gaussian), and Ic (the crossing point between the two Gaussians 
expressed in normalized DN). 
This parameterization was tested on an additional broad-leaved shea tree as well as two fine-
leaved savanna trees from a field area located approximately 5 km from the test site with the 
shea trees used in the derivation of eq. (2). The two fine-leaved balanzan trees (Acacia albida) 
were scanned during the same period as the six shea trees using the same TLS instrument and 
similar scanning configurations. For one of these two trees, scans in leaf-off condition are 
available. The additional shea tree was located in the same 50 x 50 m2 area as the other six trees 
used in this study. Scans in leaf-off conditions are not available for that tree. Leaf reflectance 
measurements obtained using an ASD FieldSpec® FR spectrometer (ASD Inc., Boulder, CO, 
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USA) showed that average values for the balanzan tree were close to those obtained for the shea 
tree leaves (i.e., 0.28 at 1535 nm). 
The availability of scans in leaf-off conditions for one of the two Balanzan trees allowed a direct 
comparison between the method for identifying the separation threshold DNj making use of the 
leaf-off scans and the parametric method. The leaf-off scans yielded a threshold DNy value of 14 
(as illustrated in Figure 17), and the parameterized method gave a DNT value of 13.83, which is 
rounded to 14. Since no scans for leaf-off condition were available for the other test trees (one 
shea tree and one balanzan), the results of the wood-foliage separation using the parameterized 
approach were evaluated visually by comparing the classified point clouds with those generated 
using different values for DNj. In both cases, the computed threshold values appeared to have 
efficiently separated wood from foliage returns. 
To assess the sensitivity of the leaf area estimates with respect to the wood-foliage separation 
threshold, successive model runs using the original method were carried out for a range of 
threshold values, that is three DN values above and below the initial threshold DNj for each one 
of the six trees. The results of this sensitivity study are shown in Figure 20 and indicate that the 
leaf area estimates are rather sensitive to a change in DNj. In general, the lower the tree leaf area 
is, the higher is the impact of incorrect threshold values (when expressing the bias in terms of 
error percentages). Figure 20 also indicates that the bias is greater when the threshold is 
underestimated than when it is overestimated by the same amount. 
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Deviation from the original wood-foliage separation threshold DNT [DN] 
Figure 20 - Sensitivity of leaf area estimates to changes in the wood-foliage separation thresholds 
DNT for each one of the six shea trees In all cases, the g(0LX H(8L) parameter values were kept 
constant, and the contact frequency approach of Béland et al. (2011) was used to compute leaf 
area estimates 
5 3 2.3 Computation of the pulse cross-section correction function (H(8L)) 
The Monte Carlo ray-tracing model of Govaerts and Verstraete (1998) was used to compute 
H(8L) functions for a series of 18 leaves having different sizes and shapes (see Table 6). The 
results from 12 of these leaves were used to generate, through regressions, a set of equations 
allowing to estimate H(8L) for arbitrary leaf sizes and shapes within the range covered in Table 
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H(0,) = a-b\(l-e-°' 2) + a(\-bW-e-°™e') (3) 
where values for 61 are zenith angles in degrees and range between 0 and 90°, and 
a = c + d-shape+f-shape2, (4) 
b = g + h-shape+k-shape~, (5) 
where shape is the ratio of the leaf axes (ra and rb), and c, d, f, g, h, k are estimated by second 

























































































































































Table 7 - Parameters for second order functions of the form x = m + n • area + p • area' used to 
estimate the six quantities in eqs. (4) and (5). The area of the leaf is 7trarb [cm ]. 
Figure 21 shows that for the 18 leaves tested, the parametric estimates of H(9[.) computed from 
eq. (3) fit reasonably well with the outputs of the Monte Carlo ray-tracing model. To assess the 
impact of the observed differences, leaf area estimates were generated from the original method 
using the two versions of H(0L) for each one of the 18 leaf cases. Figure 22 shows, for each of 
the leaf cases, the bias values averaged over the 6 trees. The mean absolute relative difference for 
all cases is 2.2% and is indicated by the dashed line in the graph of Figure 22, which shows that 
the bias is not only related to leaf shape or area. Since eq. (3) results from a best fit for the 12 
leaf cases used, the deviation from the modeled H(9L) will differ for various leaf shape and sizes 
but is expected to remain within the expressed error margins. 
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0.4 0.6 
Monte Carlo estimate of H(0L) 
Figure 21 - Plot of H(9L) values obtained from Monte Carlo model runs versus H(9L) values 
computed from the parametric eq. (3) for a set of 18 leaves having different sizes and shapes (see 
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Figure 22- Absolute bias in leaf area estimates (in %) for different leaf shapes and sizes on the 
basis of estimates of H(0i) obtained from Monte Carlo model runs and from the parametric eq. 
(3). The horizontal dotted line corresponds to the average absolute difference. The characteristics 
of the 18 leaf cases on the X axis are described in table 4. 
5.3.2.4. Leaf area computations 
It was mentioned in section 5.3.1.2 that adapting the contact frequency method to TLS 
measurements requires a set of parameters relating to the actual distances that laser pulses travel 
within the voxels. This complex step can be avoided if leaf area estimates are derived on the 
basis of direct light transmission considerations. In this case, only the radiative fluxes entering 
and exiting a given volume - along a particular direction - are required. The TLS based 
estimates of direct transmission, that is, transmission in absence of scattering events inside the 
volume of interest, is given by: 
T « N<> (6) 
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where NG refers to the number of pulses going through the voxel of interest without being 
intercepted, and N|L is equal to the number of infinitesimally narrow (point like) pulses being 
intercepted by foliage (computed from eq. (1)). 
By analogy, the direct transmission of light travelling along a tube of length ô [m] filled with a 
'gas' of infinitesimally small but oriented scatterers, also known as turbid medium, is given by 
(Ross, 1981): 
T0 = exp(-LAD • S • G{9,0, )) (7) 
where LAD is the leaf area density [m2/m3] (which is assumed to be uniformly distributed), and 
G(8,0L) is the leaf projection function (Hosoi and Omasa, 2006) derived from field data of 
foliage orientations or else prescribed using one of the generic functions of Bunnik (1978), for 
example. 
Using voxel-based volumes implies that individual laser pulses travel different distances within 
the sampled volumes. In particular, those laser pulses that enter or exit the voxel via its lateral 
(rather than the front and back) sides will likely travel smaller distances inside the voxel. The 
distribution of distances will depend on the respective locations and orientations of both the 
scanner and the voxel. 
Figure 23 shows histograms of laser pulse distances in voxels with Ah=0.3 m that are located at 
D=20 m from the laser source and where the elevation angle P of the laser pulse varies from 0° 
(voxel at bottom of crown) to 8.53° (voxel at top of shea tree crown). Such histograms were 
generated for a total of 10 incident angle cases using a software code developed for simulating 
individual laser pulses and their passage through a voxel. One can see that for such an 
experimental scanning configuration, most of the pulses will enter the voxel through its front 
side and exit via its back side (large bar on the right hand side on the histograms). When 
processing the actual TLS data, we orient the voxel matrix in line with the central direction of the 
field of view from the first TLS scan (an arbitrary choice); since the second scan is oriented in a 
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Figure 23 - Histograms of distances traveled by TLS pulses within voxels of 30 cm side-length 
for various angles of incidence. Voxel sides are oriented parallel to the Cartesian coordinate 
system and are located at a distance of 20 m from the TLS instrument. TLS distances are 
grouped into bins of 1 cm. The angle p is the viewing elevation angle from the horizontal, and <)> 
is the viewing lateral angle from the strait-on viewing direction. 
In order to account for this geometric artifact, one can rewrite eq. (7) as the sum of all NT pulses 
that are capable of entering the voxel (which is still assumed to contain a 'gas' of scatterers). 
7; £</, — £ txp(-LADy • d, • G{9,9, )) = exp(-LADv • G(0,9, ) • def/ ) (8) 
Here d, is the distance that pulse i travels within the (empty) target voxel, deff is an effective 
distance allowing the Beer-Lambert law to match 7^ , LADv is the leaf area density of the 
voxel, and NT is the theoretical number of laser pulses capable of entering the voxel. The actual 
value of N] is determined by the location of the scanner with respect to the voxel, the orientation 
of the voxel, and the angular separation between neighboring laser pulses at the distance of the 
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voxel front ( /) . The actual mean distance of all NT pulses capable of traversing the voxel is given 
by: 
- V A//3 
A N, -f (9) 
where Ah is the size of the voxel side (Vvoi= Ah3 is the voxel volume) and Apro| is the area of the 
voxel projected perpendicular to the direction of the laser pulses that traverse it. Thus one can 
write dell = d + Ad and consequently: 
n , = exp(-K • d)• exp(-K •Ad) = TJ-Tàd (10) 
where K=LAIV'G(0 ,0L) /A1I and the leaf area index LAIv=AhLADv. Note that it is implicitly 
assumed here that scatterers are distributed randomly within the target voxel such that their 
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Figure 24 - The inset shows the variability of the ratio 7^ / Tu as a function of 
K=LAIG(9,0L)/Ah for 4 cases of voxels (30 cm in side length) being traversed by laser pulses at 
different incidence angles. These 4 cases were combined with 7 other cases (not shown here) to 
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retrieve a parametric expression for parameter B in eq. (11). The main graph shows B as a 
function of Apro,/Afrom, where Apro| is the area of the voxel projected in a direction perpendicular 
to the direction of travel of the laser pulses, and Afront is the area of a voxel side. 
For any given value of K, one can compute simulated values of d, (eq. (8)) to estimate 7^ for a 
given voxel-scanner configuration. At the same time, T-t can also be computed on the basis of 
eq. (9). The inlaid panel of Figure 24 shows how the computed Tu IT2 ratio changes as a 
function of K for the same four scanning configurations as shown in Figure 23. These curves can 






Since retrieved values for the parameter A in eq. (11) were always close to unity, it was decided 
to fix it at that value. The main panel of Figure 24 displays the values of B retrieved from 10 
different scanning configurations likely to have occurred during the TLS field measurements 
described in Béland et al. (2011). These data points can be fitted with the following equation: 
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(12) 
where A
 m> - N, l2 is the area of the voxel projected perpendicularly to the laser pulse direction, 
and Afront=Ah2 is the area of the front side of the voxel. 
Combining eqs. (10) and (11) thus yields 7^ »expl-K(d-K-5)1 which can be equated to eq. 
(6) such that: K2 B-K-d-\n(Jlls) = 0. This in turn can be solved for LAV as (only 
considering meaningful solutions): 







where LAv refers to the leaf area of a single voxel. Similarly, the leaf area index within the voxel 
(LAIy) can be obtained from: LAI, = LA, / Ah2. The total leaf area for a given tree is simply 
computed by summing the LAv for all the voxels in the crown. 
The parametric approach presented here has the advantage of avoiding the complexity of having 
to obtain estimates of the distances traveled by the TLS laser pulses inside a voxel (including 
those pulses which traveled a certain distance within the voxel before triggering a return). Thus 
rather than having to trace the paths of individual laser pulses within a voxel it only requires to 
compute for each voxel the theoretical number of entering rays (Nj), the number of rays blocked 
before entering the voxel (NB), the number of returns triggered inside the voxel by leaves, bark, 
and those recorded by the high gain channel (N't ,N" ,N™', respectively), and the number of 
rays traversing the voxel without triggering a return (NQ). Note that NB, Apr0J and / can be 
computed from trigonometric calculations (Apr0i and / can be used to obtain NT), which cancels 
the need for ray tracing calculations to get the required statistics. No can be computed from: 
K.-N.-NH-N'.-NI-N?- (14) 
Eq. (13) was used with the N(i,N'',N) ,G,Ah and / parameter values from Béland et al. (2011), 
and the resulting leaf area values were compared to those of the contact frequency approach for 
each one of the voxels in all of the 6 tree crowns (i.e. 38 869 voxels). Figure 25 shows the 
histogram of the differences resulting from this comparison. It shows that for the large majority 
of voxels (note the logio scale on y axis) the difference is negligible, and that, on average, the 
leaf area estimates computed from eq. (13) are slightly superior to those obtained from the 
1 v-i LA — LA 
contact frequency approach. The mean percent error (computed as — V — — —, where 
n LA( j 
LApar and LACF refer respectively to the leaf area estimate from the parametric and contact 
frequency approaches, and n is the number of voxels) is +1.6% (with a standard deviation of 
1 " 
10.1%), and the mean absolute percent error (MAPE) (computed as — Y" 
n 
6.0%. 
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Figure 25 - Histogram of the difference in leaf areas estimates at the voxel level [m2] between 
the contact frequency method of Béland et al. (2011) (réf.) and equation 13 (eq. 13). The 
differences are computed for each voxel of the 6 shea trees (n=38 869) as: leaf areaeq 13- leaf 
arearef., and are grouped into bins of 5xl0"5m2. The thick vertical line corresponds to the average 
difference, and the dashed vertical lines to the standard deviation. Note that the data on the y axis 
is plotted on a logio scale. 
5.4. Results and discussion 
In order to assess the joint impact of these simplifications and parameterization, the crown leaf 
area of all 6 shea trees was estimated by 1) assuming a generic spherical leaf orientation 
distribution, 2) using the parametric method to derive a value of DNT in order to separate wood 
from foliage returns, 3) making use of the parametric method of determining H(9i) in order to 
remove the effects of partial overlaps between the TLS pulses and foliage elements, and 4) 
applying the parametric approach to compute the leaf area within individual voxels. 
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The full parametric approach will lead to substantial economies of resources since it removes the 
need for 1) labour intensive characterisation of foliage orientation functions, 2) acquisition of 
laser scans under leaf-off conditions, 3) access to 3D radiative transfer Monte Carlo models, and 
4) dedicated ray-tracing software to compute the path lengths of individual TLS pulses inside a 
voxel. Figure 26 presents the comparison of these results against leaf area estimates obtained 












Crown leaf area (method of Béland et al. (2011)) [m2] 
Figure 26 - Plot of crown leaf area estimates (for the six shea trees) obtained with the method of 
Béland et al. (2011) (reference) and the parametric method presented in this study. In the 
reference case, the g(9L) for each crown layer (lower, middle, upper) are computed from 
measured leaf inclination angles, H(8L) is computed using a validated Monte Carlo ray-tracing 
model, the wood-foliage separation threshold values (DNj) are computed from scans taken in 
leaf-on and leaf-off conditions, and the leaf area computations are performed using the contact 
frequency approach which requires access to a ray-tracing software allowing to compute the 
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length of TLS pulses inside individual voxels. All these steps are simplified through the 
parameterization in the current study. 
The agreement between estimates obtained using the parametric and original leaf area estimation 
methods is generally high. At the tree level (n=6) the MAPE is 3.0%, whereas at the voxel level 
(n=38 869) the MAPE is 6.0%. For the individual crowns, MAPE values are between 0% and 
3% for all cases except tree #2, for which there is an 11% difference between the two methods. 
The deviation for this particular tree crown is mainly caused by a difference in the wood-foliage 
separation threshold (DNx) used; for the reference method a threshold of 12 was identified as 
being the optimal threshold, and the parameterized method yielded a threshold of 11.4, which is 
rounded to 11 since DNs are integer values. The difference obtained for tree #2 is in accordance 
with Figure 19, which shows that a difference of 1 DN value in the separation threshold impacts 
the leaf area estimate on average by about 10%. 
To better assess the contribution from each processing step in the leaf area differences shown in 
Figure 26, the relative differences in leaf area estimates were decomposed into 4 categories 
associated with the various TLS pre-processing and processing steps. Figure 27 shows the bias in 
crown leaf area estimates between using the method of Béland et al. (2011) and the selective 
parametric steps of the method presented in this study. Overall, the graph in Figure 27 indicates 
that the leaf area differences due to the various parameterization steps have opposing effects and 
tend to cancel out in most cases. This resulted in the good agreement at the crown level estimates 
shown in Figure 26, but one cannot assume that this will be the case for other tree species. For 
example, the use of a different leaf size and shape could result in a positive bias, which would 
increase the discrepancies if all other biases remained the same. 
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Figure 27 - Differences in crown leaf area estimates using the method of Béland et al. (2011) 
(reference) and selective parametric steps of the method presented in this study (parametric). 
These steps refer to: (1) the use of a generic spherical leaf angle distribution (g(9i_)), (2) the use 
of the parameterized eq. 3 to compute the pulse size correction factor (H(6L)), (3) the use of the 
parameterized eq. 2 to identify a wood-foliage separation threshold (DNT), and (4) the use of eq. 
13 to compute the leaf area estimates (LAv). The leaf area difference is computed as: leaf 
areaparametric " lea l areareference-
5.4.1. Prominence of the wood-foliage separation threshold (DNT) 
The above analysis showed that a change in the wood-foliage separation threshold (DNT) has a 
major impact on the leaf area estimates, and that, consequently, the computation process of the 
DNj values should be given the greatest attention. This raises an issue relating to the radiometric 
resolution of the TLS instrument for the purpose of using return intensities for separating wood 
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from foliage returns. The TLS used in this study offered an 8 bits resolution and a relatively low 
dynamic range for a tree located at a distance of 20 m (DN values ranging from 3 to 35). We thus 
suggest that TLS instruments with a higher radiometric resolution might be more suitable to this 
end. 
The TLS laser wavelength is also an important consideration for successful application of this 
method. The parametric approach for the separation of wood from foliage returns presented here 
was tested on 3 trees (2 of which had scans in leaf-off conditions available), and the results 
suggest that the method is valid for broad and fine-leaved savanna trees. It should be emphasized 
that eq. (2) was specifically derived for TLS measurements acquired from an ILRIS-3D 
instrument operating at 1535 nm, from a distance of approximately 20 m, and for which laser 
return intensities have been normalized to 20 m. This method remains to be tested in other 
forested environments and with other TLS instruments. 
5.4.2. Use of a generic leaf angle distribution (0t) 
The leaf angle distribution can be approximated using a generic case instead of using leaf angle 
measurements without excessive bias provided that (1) the actual distribution fits well with one 
of the generic cases, and (2) expert knowledge is available to choose the best generic leaf angle 
distribution. Our tests showed that the spherical leaf area distribution resulted in crown leaf area 
differences between -1.0% and +1.6% when compared to the values obtained with the actual 
measured angle distributions. However, the error may increase significantly if an unsuited 
generic distribution function is used. For instance we found an average difference of 36% in 
crown leaf area values when the planophile function was used. It is probable that such a large 
error could even be higher in other environments. A careful selection of the generic leaf angle 
distribution should allow the associated error to remain far below the 40% level. 
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5.4.3. The laser pulse cross-section correction function H ( 0 L ) 
The results shown in Figure 22 indicated that the parameterized expression for H(8L) can be used 
without excessive bias on leaf area estimates. Figure 27 shows that the bias associated with H(0t ) 
for a given leaf shape and size is constant, thus implying that if one of the 18 cases presented 
here is used, the bias is known and can be corrected for (from the values shown in Figure 22). 
The bias is however unknown for other correction functions generated using eq. (3). The latter 
equation is valid for elliptical tree leaves between 12 and 60 cm2 in area, having a mean 
reflectance of approximately 0.28 at 1535 nm, and applies to measurements from an ILRIS-3D 
TLS instrument for which the pulse power follows a Gaussian distribution. For other 
wavelengths, TLS instruments, and leaf shapes and sizes, the parameters of eqs. (3), (4) and (5), 
and Table 7 must be redefined accordingly. This would require going through a process similar 
to the one proposed in Béland et al. (2011). 
5.4.4. Limits of eq. (13) (leaf area estimation) 
The range of possible LAy values that can be retrieved with eq. (13) can be derived knowing that 
d2 must be greater or equal than 4-5- ln 
IV + IV1' 
. The maximum leaf area value is thus 
given by LAV= and implies that —— - exp( ) . The solid line in Figure 28 
6
 ' IB G(0,0,) N(I+N', 4 -5 B 
N 
shows the limit values of (J—T7 . One can see from the positive slope of this curve (beyond 
N(i + N, 
Aproj/Afront^ l.OS) that the maximum value of LAV (and thus also LAIy) retrievable with eq. (13) 
will depend on the TLS-voxel geometry. In this study, the voxels that were furthest away from 
the axis defined by the two TLS scanning positions, would lead to a limit value of 
N ^
-^ -«0 .314 which corresponds to an LAIy of approximately 8.03 per voxel. The actual 
N<,+N, 
N 
maximal LAIy value encountered in this study was 3.01 due to the higher —— values. 
N(I+N 
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TV Figure 28 also shows the actually retrieved values of —— for all voxels (n=38 869) from 
N(i + N, 







Figure 28 - Actually retrieved <J—r- values of all voxels from the 6 shea trees (n=38 869) 
N(l+Nj 
traversed by the TLS laser pulses at various incidence angles are shown as a function of voxel-




-J^ for which eq. 13 is still able to provide LAy estimates (solid line). 
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Finally, it should be noted that the parametric method for computing leaf area (eq. (13)) is based 
on voxels of 30 cm in side length. This choice of size was made on the basis of findings 
presented in the study by Béland et al. (2011). The use of the method on voxels of different size 
would require the equations to be parameterized accordingly. This would involve computing the 
path lengths traveled inside an empty voxel of a given size for different incidence angles and 
redefining eq. (12) so that the Beer-Lambert law can be used to derive 7^ . 
5.5. Conclusion 
We presented a parametric approach to simplify the extraction of leaf area information at the tree 
level from TLS measurements. This was done by (1) eliminating the need to acquire scans of 
trees in leaf-off conditions, (2) providing pulse cross-section correction functions for a range of 
leaf sizes and shapes, and (3) simplifying the requirements pertaining to the computation of laser 
pulse trajectories through an array of voxels. The results presented provided an appreciation of 
the impact of using commonly used leaf angle distributions instead of going through a 
measurement process. Comparison with the results obtained in Béland et al. (2011) showed that 
the parametric method yields results equivalent to within 3% (MAPE). This suggests it can be 
used without introducing excessive bias, given the conditions of applicability are met (e.g. 
characteristics of the TLS instrument used, tree leaf properties). 
By performing various sensitivity studies it was found that the separation of wood from foliage 
pulse returns on the basis of the return intensities is the dominant source of error in the 
computation of leaf area estimates. This is in part attributed to the low radiometric resolution and 
dynamic range of the TLS instrument used. A greater dynamic range of digital numbers (DN) 
would allow for a reduced impact of the DNj. 
Detailed information on the spatial distribution of leaf area in forested environments can provide 
an exceptional basis for studies on ecosystem and agroecosystem functioning, as well as for 
studies on the validation of satellite remote sensing procedures for the retrieval of important 
surface parameters like LAI. As methods for deriving this type of information from TLS data are 
becoming available, it is important that the accuracy of the estimates obtained at the voxel scale 
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(or other small scale volumetric element) be further investigated to determine their suitability for 
the different potential applications. 
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6. Mapping leaf area in savanna trees from Geoeye-1 satellite observations 
« Cartographie de la surface foliaire des arbres dans une savane à partir d'observations 
satellitaires Geoeye-1 » 
Auteurs: Béland, M., Widlowski, J.-L., Verstraete, M. M., Fournier, R., et Gobron, N. 
Article à soumettre au Journal Remote Sensing of Environment 
Résumé : 
La surface foliaire des couronnes d'arbres est une variable clé dans la modélisation des échanges 
d'énergie, d'eau et de carbone, parce que les feuilles des arbres représentent l'interface de 
transfert entre la végétation, la radiation solaire, et l'atmosphère. Plusieurs modèles utilisés à 
cette fin sont capables de gérer des représentations détaillées de la distribution de surface foliaire 
dans l'espace 3D comme intrants, mais les méthodes existantes de cartographie de la surface 
foliaire capables de couvrir les surfaces requises ont plusieurs limites. Celles-ci incluent la 
résolution spatiale et la capacité de fournir des estimations de surface foliaire réelle plutôt que 
des valeurs d'indices de surface foliaire (LAI) effectives. Dans la présente étude, nous proposons 
une approche innovante pour cartographier la surface foliaire des arbres de savane à partir d'une 
image à très haute résolution spatiale. Les valeurs de surface foliaire sont estimées pour chaque 
arbre individuel en dérivant, à partir de l'image satellite, de l'information sur la taille de la 
couronne, et l'intensité du sol et de l'ombre projetée au sol par la couronne. La méthode a été 
paramétrée en utilisant des représentations d'arbres virtuelles basées sur des mesures de scanneur 
LiDAR terrestre et des simulations du transfert radiatif effectuées dans un modèle de lancer de 
rayons de type Monte Carlo. La méthode a été testée en utilisant une image du capteur Geoeye-1, 
et les estimations obtenues pour un groupe de cinq arbres ont été comparés à des mesures au sol 
pour ces mêmes arbres. Les résultats obtenus fournissent une indication du potentiel de cette 
approche. 
Mots-clés : Cartographie de la surface foliaire, Indice de surface foliaire (LAI), Densité de 
surface foliaire (LAD), Lancer de rayons, Scanneur LiDAR terrestre (TLS), modélisation du 
transfert radiatif. 
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6.1. Présentation de l'article 
6.1.1. Mise en contexte 
Il a été démontré dans Leboeuf et al. (2007,) que la fraction d'ombre sur les images à très haute 
résolution spatiale dans une forêt boréale peut être liée à la densité d'arbres. Nous croyons que 
dans un environnement de savane cette relation est d'autant plus forte que le chevauchement des 
ombres est diminué par la densité et la taille des arbres plus faibles. La fraction d'ombre peut être 
établie en identifiant une valeur seuil sur les niveaux de gris de l'image panchromatique qui 
correspond à un équilibre entre une surestimation et une sous-estimation des ombres produites 
par les arbres. Cette valeur est fixée par interprétation visuelle pour une gamme de valeurs 
différentes. 
La fraction d'ombre est un attribut parmi d'autres qui contient de l'information sur la structure 
de la canopée. Seed et al, (2003) ont tenté de lier le LAI à la radiance de l'ombre mesurée sur des 
photographies aériennes en se basant sur le lien physique entre le LAI et la transmission de 
lumière à travers la couronne en forêt boréale. Les résultats n'ont pas été concluants. Cependant 
l'approche repose sur des principes logiques, et elle est utilisée dans cette étude pour 
cartographier la surface foliaire dans un milieu de savane avec une image Geoeye-1. 
Pour pouvoir exploiter cette approche, la géométrie d'acquisition de l'image doit faire en sorte 
que l'ombre soit visible sur l'image, ce qui peut être problématique pour les régions tropicales et 
équatoriales, car au moment du passage des satellites l'angle zénithal solaire est élevé. Pour 
augmenter les chances d'obtenir une géométrie favorable, le logiciel Nova (Northern Lights 
Software Associates) a été utilisé pour planifier l'acquisition de l'image Geoeye-1 lors des 
passages les plus favorables en fonction de la position du soleil au-dessus de la cible. L'image a 
été acquise le 11 janvier 2011, moment correspondant à la période sèche. 
6.1.2. Méthodes 
Le modèle de lancer de rayons Rayspread développé par des chercheurs du Centre Commun de 
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Recherche (CCR) est utilisé dans cette étude pour lier la radiance de l'ombre des couronnes 
projetée au sol avec la densité du feuillage des couronnes. Le modèle Rayspread a été créé pour 
étudier la propagation de l'énergie lumineuse dans les environnements terrestres. Il est utilisé 
comme laboratoire virtuel où les interactions entre une source de lumière et une scène en trois 
dimensions sont simulées. Les interactions entre le rayonnement et les objets de la scène sont 
décrites par la physique optique et l'attribution de propriétés optiques aux objets de la scène 
(Govaerts et al., 1998). Dans les scènes utilisées par le modèle, les éléments des plantes sont 
représentés explicitement par des formes géométriques de complexité variable. La création des 
scènes requiert donc de l'information sur la grandeur, la forme, l'orientation et les propriétés 
optiques des éléments de la scène. Le modèle est utilisé pour calculer des facteurs de réflectance 
bidirectionnelle (BRF) pour des scènes créées selon différentes configurations de structure 
spatiale (avec des arbres ayant des hauteurs et des taux de couverture variables). 
Dans le cadre de cette étude, nous disposons comme base d'information pour créer ces scènes 
virtuelles de (1) 5 représentations d'arbres produites à partir des données TLS (voir Figure 29), et 
(2) une image Geoeye-1 sur laquelle les ombres des arbres sont clairement visibles (voir Figure 
30). La hauteur de l'arbre peut être estimée à partir de la longueur de l'ombre. La densité de 
surface foliaire de la couronne peut être estimée en calculant le ratio entre l'intensité moyenne de 
l'ombrage et l'intensité moyenne du sol (Io/Is)- Comme le sol au moment de l'acquisition n'est 
pas couvert de végétation, sa réflectance est suffisamment constante pour supposer que sa 
réflectance est la même dans l'ombre qu'à l'extérieur de l'ombre. Les différences dans les 
radiances mesurées sont donc directement liées à la transmission de lumière à travers la couronne 
qui, elle, est directement liée aux surfaces foliaire et ligneuse de l'arbre. Le modèle Rayspread 
est utilisé dans cette étude pour établir la relation entre la surface foliaire et Io/Is- Cette relation 
peut ensuite être utilisée pour estimer le LAI de chacun des arbres sur l'image se trouvant à 
l'intérieur des zones d'intérêt. 
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Voxel sizes - Wood 0 5 cm Foliage: 30 cm 
Figure 29 - Exemple de représentation d'un arbre par voxels utilisée pour faire les simulations 
de transmission de lumière à travers la couronne dans le modèle Rayspread. Vue du haut à 
gauche, et de côté à droite. 
Figure 30 - Exemple de simulation Rayspread (à gauche) et une partie de l'image Geoeye-1 (à 
droite). Les bandes spectrales utilisées pour représenter les couleurs sont : la bande rouge en 
rouge, la bande infrarouge en vert, et la bande rouge en bleu. 
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6.1.3. Portée scientifique et discussion 
Cet article présente une approche originale d'interprétation d'imagerie satellitaire optique qui 
jette un éclairage sur notre capacité actuelle de reproduire le signal mesuré par un capteur en 
orbite. Un nombre élevé de facteurs complexes sont à considérer lorsqu'on tente de reproduire la 
radiance mesurée par un capteur satellitaire; entre les caractéristiques techniques du capteur, les 
propriétés de l'atmosphère, et les propriétés de la surface, il y a un nombre d'éléments qui 
doivent être considérés sans quoi ce travail est voué à l'échec. L'étude présentée ici représente 
un pas en avant vers cet objectif. Elle utilise des technologies à la fine pointe des avancées dans 
deux domaines : les mesures au sol servant à la caractérisation de la structure de la végétation, et 
la modélisation du transfert radiatif entre le rayonnement solaire et la végétation. La méthode 
proposée permet, une fois calibrée, d'interpréter l'intensité de l'ombrage des couronnes et d'en 
déduire de l'information sur la densité de feuillage. C'est là une avancée considérable par rapport 
aux méthodes existantes de cartographie de la surface foliaire. La méthode requiert néanmoins 
davantage de travaux de validation pour mieux évaluer son utilité dans un contexte opérationnel. 
Il serait aussi intéressant, dans des travaux futurs, d'investiguer dans quelle mesure elle pourrait 
s'appliquer à des environnements où la fraction de couverture est plus élevée. 
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Abstract 
Tree crown leaf area is a key structural variable for the modeling of energy, water and carbon 
exchanges, as tree leaves represent the interface between the vegetation, the incoming solar 
radiation, and the atmosphere. Several models used for this purpose are capable of handling 
detailed three-dimensional representations of leaf area distribution as input, but methods 
currently available to map leaf area over the required spatial extents have several limitations. 
These include spatial resolution, and the capacity to provide true leaf area estimates instead of 
effective leaf area index values (LAIe). In this study we propose a novel approach for mapping 
tree crown leaf area in savannas from very high spatial resolution satellite imagery. Leaf area 
estimates are computed at the individual tree level by deriving information on crown dimensions, 
and background and shadow brightness from the imagery. The method was parameterized by 
using virtual tree representations based on Terrestrial LiDAR Scanner (TLS) measurements, and 
simulations of radiative transfer within a ray tracing model. It was tested using Geoeye-1 satellite 
observations, and the estimates for a set of five trees for which field measures of leaf area were 
available provided indications on the potential of the approach. 
Keywords: Leaf area mapping, Leaf Area Index (LAI), Leaf Area Density (LAD), Ray Tracing, 
Terrestrial LiDAR Scanners (TLS), Radiative Transfer modeling. 
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6.2. Introduction 
Mapping vegetation structure and physiological properties from satellite remote sensing has been 
the object of considerable research efforts over the past decades (Ustin and Gamon 2010). In 
recent years, the need for accurate methods of image interpretation was emphasized by 
requirements about the state of vegetation within the terrestrial processes component of climate 
change models (Sellers et al. 1997). Tree leaves constitute the main site of gas, water and energy 
exchange between the atmosphere and the land surface, and remote sensing is the only practical 
means of mapping the density of tree leaves over large areas. This is generally done by relating 
the surface spectral properties as observed by spaceborne sensors to variables such as the Leaf 
Area Index (LAI) (Gobron 2008). 
In this study, we define LAI as the total one-sided area of photosynthetic material per horizontal 
unit ground surface area. This initial definition by Watson (1947) assumes relatively flat leaves. 
LAI is thus a dimensionless metric (m2/m2) used to quantify canopy foliage at various spatial 
scales. Leaf area [m ] can also be quantified using the Leaf Area Density (LAD) metric, which is 
defined as the leaf area [m2] per unit volume [m3] and has units of m2/m3. One useful feature of 
the LAD metric is that it can be used to describe the variation in foliage density as a function of 
height in a canopy. Both LAI and LAD can be estimated in the field using indirect methods (see 
Jonckheere (2004) for a review). However, as highlighted by Ryu et al. (2010), heterogeneous 
environments likes savannas present a number of challenges for field-based measurements of 
leaf area, because existing retrieval methods were developed for homogeneous canopy covers. 
A savanna refers to a forested ecosystem where trees and grass coexist, generally in spatially 
heterogeneous patterns. They occupy about 20% of the terrestrial surface and play a significant 
part in global exchanges of carbon, energy and water (Sankaran et al. 2005; Wise et al. 2009). 
Land surface models are used to compute these exchanges driven by the incoming solar 
radiation, the atmosphere composition and the terrestrial surface. And in such heterogeneous 
surface environments, it was shown that models provide significantly more reliable results when 
they consider the explicit three-dimensional (3D) structure of the vegetation layer (Kobayashi et 
al. 2012). There is actually no operational method able to provide, at the required scales, sets of 
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3D spatially explicit inputs of leaf area distribution to these models. Currently, models rely on 
inputs generated from spatially representative values of LAI at the plot scale instead of spatially 
explicit values. These simplifications lead to uncertainties in model simulations. Reducing these 
uncertainties to a minimum level is of capital importance for models which are used as standards 
to evaluate simpler models. More realistic tree architecture representations, ones where leaf area 
variations is considered at the tree level, would thus be advantageous in this context. 
Recently, it was shown that Terrestrial LiDAR Scanners (TLS) can be used to estimate the 3D 
spatial distribution of leaf area within individual tree crowns (Hosoi and Omasa 2006; Béland et 
al. 2011). If such TLS measurements are impractical towards covering large areas, they can 
nevertheless be used as basis for representing detailed tree architecture within models. Airborne 
LiDAR Scanners (ALS) can also be used to estimate some structure parameters such as tree 
height, crown diameter, fraction cover and LAI. ALS-based LAI mapping is currently limited by 
the spatial resolution of the laser pulse echoes on the ground, and LAI is typically computed 
within a 10-15 m pixel size grid (also called trap size in the literature) when using small-footprint 
ALS instruments (Morsdorf et al. 2006; Richardson et al. 2009; Solberg et al. 2009). 
Furthermore, this approach only provides an effective LAI, as it does not currently allow 
deriving the clumping index or to correct for laser pulse returns generated by non-foliage 
material (i.e. wood). 
The "gapiness" in spatial arrangement of the trees renders savannas favorable the use of very 
high spatial resolution images for obtaining information on tree structure (Asner and Warner 
2003). Shadows casted by tree crowns are closely linked to the biophysical properties of 
canopies, and the recent advent of spaceborne sensors having spatial resolutions well below the 
size of a tree crown shadow provides new possibilities to map canopy structure. Studies have 
investigated with some success a metric called shadow fraction, which uses a threshold on an 
image digital counts to identify crown shadows and to quantify the density and the size of 
crowns within a canopy (Asner and Warner 2003; Leboeuf et al. 2007). However, as stated by 
Seed et al. (2003), shadow fraction is only one of several crown shadow attributes which can be 
used to derive structural information. One of these additional attributes is the link between 
shadow brightness and light transmission through the tree crown, which is partly driven by the 
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crown LAI. In their study, Seed et al. (2003) have shown some potential and limits in using 
shadow intensity to retrieve leaf area in dense forests, concluding on a weak relationship 
between LAI and shadow brightness in architecturally complex canopies. Nevertheless, savanna 
environments offer a number of features which favor the use of such an approach: (1) the tree 
crowns are generally separated, and depending on the tree density, a majority of the crown 
shadows can be entirely visible (given that illumination and viewing geometries are favorable), 
and (2) shadow-free patches of background are visible, providing information on the background 
reflectance, which can be used to interpret the shadow intensities. 
The objective of this study is to estimate leaf area at the individual tree level in a savanna, using 
a method that can be generalized to allow mapping leaf area over large areas (10-100 ha and 
above). The method developed provides leaf area estimates using tree-level attributes which can 
be obtained from very high spatial resolution observations. The method was first calibrated using 
TLS-based tree representations to simulate crown shadows in different conditions within a 
validated ray tracing model. It allows deriving real leaf area estimates instead of effective LAI 
values since we account for the clumping index of individual trees, and we correct for the 
interception of light by non-foliage material by using a regression-based ratio of bark to foliage. 
The method was tested using Geoeye-1 observations over a broad-leaved savanna and the results 
are compared to ground-based measurements of leaf area. It is based on observing the brightness 
of shadows casted by the tree crowns. The approach thus relies on estimating the solar radiation 
transmission through the crowns, as are most existing leaf area or LAI estimation methods like 
hemispherical photography and light sensors like the LAI-2000. 
Passive observations of light transmission cannot distinguish between light obstruction by woody 
and foliage material, and the obtained estimates relate to plant area rather than leaf area 
(Jonckheere et al, 2004). Furthermore, these estimates are influenced by the effect of foliage 
clumping (Nilson, 1971). This effect and the presence of woody material combine to bias the 
retrieval of leaf area estimates in ways that are difficult to characterise in real world conditions. 
The virtual laboratory environment presents an interesting alternative to investigate this problem. 
Given that a virtual representation of a tree crown can be created in a way that its parts closely 
corresponds to the real tree, advanced physically-based models can use this input to simulate 
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light transmission in a controlled environment where every parameter can be changed to satisfy 
the requirements of an experiment. For example, wood material can be taken out from a tree 
representation, leaving only the suspended foliage and allowing to measure light interception 
induced exclusively by foliage. Measurements from TLS instruments hold great potential for 
providing these models with representations of trees having a high level of detail. Our approach 
uses such tree representations generated from TLS measurements to simulate the transmission of 
light for a set of trees for which the leaf area is known a priori. In some of our simulations, the 
wood structure is removed, and in all of the simulations the conditions in which the tree crowns 
are illuminated are changed by rotating the trees randomly. This provides a basis for isolating 
and characterising the effects of light interception by wood and the clumping of foliage on light 
transmission. 
6.3. Theoretical background 
In this study, we use the Beer-Lambert law on light transmission. We will recall below the main 
theoretical aspects involved in the applying this law to the transmission of light through tree 
crowns. For a more thorough review of the associated issues, the reader is referred to Leblanc 
and Fournier (2011). The Beer-Lambert law relates the direct transmission of light through a 
volume filled with infinitesimal scatterers randomly distributed within the volume to an 
absorption coefficient: 
TD:r =^- = exp(-a-l) (1) 
•"o 
where I is the transmitted light intensity, Io is the intensity of the incident light, a is the 
absorption coefficient, and I is the distance traveled by the light through the material (path 
length). Monsi and Saeki (1953, 2005) adapted the law to describe the direct transmission of 
light through canopies: 
Tn,r=exp(-LAI-K) (2) 
where LAI is the Leaf Area Index and K is the extinction coefficient. Later, Ross and Nilson 
(1965) introduced the G function expressing the projection of the leaves in the direction of the 
illumination zenith angle (0), and Eq. (2) can be expressed as: 
Ill 
T"'r(0) = exp( -LAI-G{P) ) (3) 
cos(6>) 
Eq. (3) assumes a direct transmission of light through gaps and excludes the transmitted energy 
resulting from scattering interactions of light with wood, foliage and background. The impact of 
this assumption on the measured transmission through canopies depends on a number of factors 
(e.g. leaf and wood scattering properties, background albedo, illumination conditions, canopy 
LAD) (Widlowski 2010). The combined relative impact of these factors on transmission is 
estimated to be in the order of 2-4%, and it is not specifically accounted for in this study. 
To account for the non-randomness, or clumping, of the spatial distribution of leaves within a 
crown, Nilson (1971) introduced a parameter (Q): 
rj"(6?) = exp( -LAIQ.(0)-G(0) ) (4) 
rJ"(#) = exp (5) 
cos(6>) 
The LAI expressed in Eq. (4) is however not directly related to the true LAI because the wood 
structure also contributes to light interception which affects the value of TD,r(0). Kucharik et al 
(1998) suggest that in most canopies there is a correlation between branch and leaves within a 
crown, and that leaves preferentially masking branches implies that the later contribute to a 
lesser extent to light interception as leaf area increases. They propose the following formulation 
accounting for the contribution of the woody material: 
cos(#) 
where Q.e(Q) is the leaves or shoots clumping factor, B refers to one-half the total surface area of 
branches per unit ground surface area, 4(fi) is the fraction of B which is not shaded by the leaves 
and can contribute to the interception of light, and ye is the within-shoot clumping factor. 
When considering transmission through a single crown with a given size, one can consider the 
crown as a volume traversed by the light at an incidence angle 0 and traveling a given distance 
inside the volume. In that sense, LAI/cos(0) in Eq. (5) can be replaced by LADÔ, where LAD is 
the Leaf Area Density of the volume traversed by light, and ô is the path length of the light 
traveling through the volume in the direction 0. Eq. (5) can be equivalently expressed as: 




6.4.1. Study site 
The study site is located near the city of Segou, Mali. The savanna found in this area is a human 
managed agro-ecosystem where the understory is farmed croplands (mainly for sorgo) and the 
trees are essentially all shea trees (Vitellariaparadoxa). The area is generally flat, with a mean 
annual rain fall between 600 and 1000 mm. A field campaign took place in February of 2009 to 
gather structural and spectral information about the trees. Analysis of a very high resolution 
satellite image (from the Geoeye-1 sensor) for 25 sample areas having one ha in size within a 
250 ha zone around the study site indicated an average tree density of 17 trees/ha. For 25 trees 
located within a randomly selected area about two ha in size, crown dimensions were measured 
using an Impulse laser rangefinder (Laser Technology Inc., Centennial, CO, USA). The mean 
tree height for these 25 trees was 8.0 m (standard deviation, S.D.= 1.3 m), mean crown radius 
was 3.3 m (S.D.= 0.65 m), and mean trunk diameter at breast height was 40 cm (S.D.= 9 cm). 
The tree leaves are relatively flat, with some undulation at the edges, and elliptical in shape. 
Their length in the direction of the midrib is about 10 cm and across the midrib about 4 cm. 
6.4.2. Data collection 
Within that two ha area, five of the 25 surveyed trees were selected for detailed structural 
measurements using a TLS instrument. The trees were selected on the basis of including tree 
crowns with very low and very high leaf density within their crown. Following the TLS scans, all 
of the tree leaves were harvested to determine their respective leaf area using the fresh weight to 
area ratio method (Norman and Campbell 1989). After harvesting, the trees were scanned again 
to provide more complete data on the wood structure inside the crowns. The TLS data processing 
provided validated estimates of the 3D distribution of foliage within the crowns, and the 3D 
wood structure. Further details about the TLS instrument, the measurements and the data 
processing can be found in Béland et al. (2011). Crown characteristics for the TLS-based tree 
representations and those measured in the field are presented in Table 8 and Table 9 respectively. 
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Spectral measurements were made on leaves randomly collected from different heights in the 
crowns. The measurements were made using an ASD FieldSpec® FR spectroradiometer with the 
plant probe accessory attached to the fiber optic cable (ASD Inc., Boulder, CO, USA). To get 
measurements of reflectance, the leaf being measured was placed on a black sheet absorbing 
most of the energy emitted by the artificial light source within the plant probe accessory. To 
obtain measures of transmittance, the fiber optic was fitted inside in a rubber ring and placed 
very close to the leaf on the side opposing the light source. 
A Geoeye-1 satellite image of the study area was acquired on January 11, 2010. The date and 
pointing angle were predetermined with the product vendor to maximize the view of the crown 
shadows on the ground. At the time of acquisition, the sun zenith angle was 42 degrees, and the 
sun azimuth angle was 146 degrees. The image was acquired when the satellite was located at an 
azimuthal angle of 16 degrees with regards to the target, and the sensor was tilted forward along 
its descending orbit to provide a view zenith angle of 28 degrees. This configuration provided an 
estimated unobstructed view of the shadow casted by a typical size crown between 80 % and 90 
%. The Geoeye-1 sensor has a nominal spatial resolution of about 0.4 m for the panchromatic 
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band, and 1.6 m for the multispectral bands (blue, green, red, and near infrared). To comply with 
US government regulations, the resolution of the delivered product to non-US Government users 
is downgraded to 0.5 m and 2 m respectively using a nearest neighbor resampling algorithm 
(Geoeye 2009). 
Standardized radiometric measurements of incoming solar radiation and the derived atmospheric 
component estimates were available from an AERONET station (lERCinzana) located about 67 
km from the study site. The data was retrieved from the AERONET website for the date 
corresponding to the Geoeye-1 image acquisition (AOD value was 0.1). The closest principal 
plane and almucantar measurements were taken within less than 5 minutes from the acquisition 
time of the Geoeye-1 image. This data was processed to retrieve atmospheric ozone and water 
vapor content, the optical thickness at 550 nm, and the fraction of diffuse to total illumination 
(fDiftuse=0.15 and fDirect=0.85, where fbitiuse (foirect) is the fraction of diffuse (direct) vs total 
illumination). 
6.5. Methods 
To provide the reader with an overview of the methods, we will briefly summarize our approach 
here. We first produced a set of five tree representations derived from TLS measurements and 
used multiple copies of these to create virtual scenes in which the trees are randomly positioned 
and rotated. These were then used within the Rayspread ray tracing model to simulate the 
interaction of photons with the scene using viewing and illumination conditions that match those 
of the Geoeye-1 image (see Figure 31). Within these simulations, the trees were identified with a 
unique number, the shadow from every tree crown in the scene was delimited, and a set of 
statistics relating to the reflectance values of the pixels inside each shadow was computed 
(including the mean and the standard deviation). A set of simulations were performed with the 
wood structure removed, providing a means to deduce its contribution to light interception and 
develop a correction function. The light transmission values observed in these foliage-only 
simulations were also compared to the simulated values from a 1-D turbid medium model (where 
clumping is absent) to derive a clumping index for each tree that would allow the 3-D 
transmission values to match the 1-D values. All parameters required in the method developed 
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can be retrieved from a Geoeye-1 image. In the second part of the paper we test the approach 
using these parameters retrieved from the actual Geoeye-1 observations of the same six trees 
measured with the TLS instrument. The estimates obtained are then compared against field-
based estimates of leaf area for those six trees. 
Figure 31 - Extract from a Rayspread simulation showing tree crowns (left) viewed and 
illuminated in conditions mimicking those at the time of the Geoeye-1 image acquisition (right). 
The red arrows point to a tree used to make the TLS measurements in the field (right) and to its 
counterpart in a Rayspread simulation (left) (note that the orientation of the crown differs). The 
spectral bands used to represent color are: the red band in red, the infrared band in green, and the 
red band in blue. 
6.5.1. Method calibration within a virtual environment 
The Rayspread model was used in this study to simulate BRF values over virtual scenes 
(Widlowski et al. 2006). The model uses Monte Carlo ray-tracing techniques to simulate the 
interaction of incident radiation with a 3-D virtual scene representing the surface. The scenes are 
created using a set of geometric primitives which can be used to represent vegetation, soil, and 
other surface elements with the desired level of detail. Each primitive is positioned in 3-D space 
and is characterized by an interaction model that specifies the object's scattering properties, i.e. 
the influence of the object on the path of a ray hitting it, which is a function of radiation 
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wavelength. The radiation source is defined in terms of its location, extent, intensity and 
directionality, and the model can be set to simulate partly direct and diffuse illumination sources. 
The Rayspread model runs are used to simulate the transmission of light through tree crowns in 
different illumination and tree structural conditions. Within this virtual laboratory, the tree 
attributes can be modified, providing favorable conditions to identify and understand the drivers 
affecting the radiometric patterns of crown shadows as observed by very high spatial resolution 
spaceborne and airborne optical sensors. In this study, we are interested in the amount of light 
transmitted through the crowns and reaching the shaded area on the background. The red band is 
expected to be preferable to the panchromatic band for inferring LAI from light transmission 
through the crown since it is less affected by the atmosphere; the leaf transmittance and 
reflectance are lower, providing conditions closer to the scattering assumptions of the Bear-
Lambert law and reducing horizontal fluxes (light reflected by the crown's environment). 
However, we found that the coarser spatial resolution of the multispectral bands of the Geoeye-1 
sensor (2 m) was insufficient for the purpose of providing an average of the shadow intensity 
without including a significant portion of energy coming from partly and non-shaded background 
areas. The Rayspread simulations were thus performed using the spectral responses 
corresponding to the panchromatic band of the Geoeye-1 sensor. The spatial resolution of the 
simulations matched the nominal spatial resolution of the panchromatic band (0.4 m). The 
viewing and illumination conditions, including the diffuse to total illumination ratio, were set to 
match the conditions at the time of the Geoeye-1 image acquisition. 
6.5.1.1. Construction of the virtual scenes 
Rayspread simulations were performed using a set of five shea tree representations to calibrate 
the method. The tree representations were constructed from processing of TLS measurements of 
the trees and used voxels of different sizes for the foliage and the wood. A voxel is the 3D 
counterpart of a pixel in an image and relates to an elementary volume in 3D Cartesian 
coordinate space, typically having a square base. The foliage was represented using voxels of 30 
cm in side length, except at the edges of the crown where the voxels were trimmed to exclude the 
empty space inside the 30x30x30 cm3 volume which is outside of the crown. Within each voxel, 
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the foliage is described statistically using an estimate of the density of the foliage found within 
that voxel (LADv). The wood structure is represented using voxels 0.5 cm in side length, which 
corresponds closely to the distance between two laser pulses from the TLS instrument. Upon a 
contact between a ray and a 30 cm size foliage voxel, the interaction is dictated by the LAD of 
the voxel, and the leaf reflectance, transmittance, and absorptance. In the case of a 0.5 cm wood 
voxel, the interaction is driven exclusively by reflectance and absorptance, i.e. the voxel is filled 
with woody material, and light transmission is null. 
Two virtual scenes were created each having 300 x 300 m in size. The background was 
composed of 12 rectangular patches of different reflectance having various sizes and obeying the 
Lambertian scattering law. The reflectance values and the size of the patches were selected so 
that the histogram of the reflectances would correspond with the histogram of the Top of Canopy 
(TOC) reflectances of the background within the study area found in the Geoeye-1 image. For 
each virtual scene, the six tree representations were separated in two groups of three trees, and 60 
copies of each of the three trees were positioned randomly on the scene (while avoiding the 
crown to overlap). The trees were then randomly oriented by applying a random rotation with 
regards to the direction of the north. This yielded a tree density of 20 trees/ha, which is similar to 
the one found on the study area. 
Each Rayspread simulation yielded a 700 x 700 pixels grid where each pixel contains the 
Bidirectional Reflectance Factor (BRF) for a 40 x 40 cm2 area on the ground. The BRF value for 
a given pixel area correspond to the ratio of the reflected flux from the area in the direction of the 
sensor to the reflected flux from a surface exhibiting perfect Lambertian reflectance of the same 
area under the same conditions of illumination. In order to mimic the Geoeye-1 sensor, the BRF 
values were recomputed to account for the Point Spread Function (PSF) of the sensor. The shape 
of the PSF was assumed to correspond to a Gaussian having a Full Width at Half Maximum 
(FWHM) of 0.4 m in the panchromatic band. This was done by first reproducing the shape of the 
Gaussian within a Computer Assisted Drawing (CAD) software to determine a weighted 
contribution of neighboring pixels to the BRF of a given pixel in the simulations. At the 
panchromatic spatial resolution, squares of 3 x 3 pixels of 0.4 m in side length were used to 
compute the PSF corrected value of the center pixel. The nine pixels used accounted for more 
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than 99% of the total energy of the PSF. The resulting PSF corrected simulations were then 
resampled to match the spatial resolution of the Geoeye-1 product delivered of 0.5 m in the 
panchromatic band using a nearest neighbor algorithm. 
6.5.1.2. Estimating light transmission through the crowns from shadow and 
background brightness 
The shadow areas for each crown are digitized from the Rayspread simulations using the ArcGIS 
software. In this process one must avoid including pixels with a significant part of their PSF 
outside the shadow area. Since the pixel size in the panchromatic is 0.5 m, a minimal distance of 
approximately 1 m from the border of the shadow was used as a pixel selection rule in this study. 
The intensity values of the pixels inside the shadows are averaged for each tree, and the standard 
deviation is computed. 
Figure 32 - Illustration of terrestrial LiDAR measurements overlaid on Geoeye-1 imagery 
acquired over the study area showing the shadow and background area used to derive the 
transmission of light through a crown without accounting for the presence of the wood (T,.+w ). 
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In this study we consider the tree crowns as volumes having an ellipsoidal shape, and dimensions 
determined by the crown radius (r) and crown height (h). The transmission of light through the 
crown is derived by using the intensity of the crown shadows on the ground (Is) and the intensity 
of the unshaded ground in the vicinity of the crown (IB) (see Figure 32). If we assume that the 
reflectance of the ground is the same in both cases, and we neglect the directional component of 
ground reflectance, the ratio Is/ IB can be related to the transmission of light through a crown 
where light is absorbed by both leaves and wood (Tr+)i.) as: 
T <™ - 7-v - 7° " PH [ ( / W^ " ^  + / / »~ ' } ' e x P ( " ^ A . ' Q(g) • S • G{9)) + fnilfuv (1 - 4Q] 
*I-+H'\")- j - I \ f f ~\ 
li *0' Pfi \_J Direct + J Diffuse J 
where Io is the total incoming radiation, pB is the background reflectance, fomuse (fo.rect) is the 
fraction of diffuse (direct) vs. total illumination, \\i is the proportion of the sky occupied by the 
crown from a point in the center of the shadow on the ground, and LADe is the effective Leaf 
Area Density which includes a contribution from the woody material inside the crown. Since 
fD<rect+ f[)iffuse equals unity, Eq. (7) can be simplified to: 
exp(-LADe Q(d)S.G{9)) = T ^ - ^ j { ~ ^ (8) 
J Diffuse ' * ^~ J Ihrea 
Mean values for S and \|/ for any given values of r, h, and 9 were determined by an algorithm 
developed for this purpose. The term on the right hand side of Eq. (8) relates to the transmission 
of light through the crown derived from shadow and background brightness ratio after correcting 
for diffuse light directly reaching the crown shadow. This term will be referred to as Tl?"w(&) 
such that: 
Th +w (9) = — — (9) 
J Diffuse T ~*~ J Direa 
6.5.1.3. Correcting for light interception by woody material inside the crown 
The wood structure affects light transmission through the crown; therefore an adjustment is 
required when deriving foliage density from this type of observation. An additional parameter 
can be introduced to obtain the true LAD instead of an effective LAD such as suggested by 
Kucharick et al. (1998). They suggested that the contribution of woody material to light 
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transmission is a function of the foliage density within a crown, because branches are not 
positioned randomly with respect to the foliage and consequently the foliage preferentially masks 
the branches. We adopted a similar approach in this study. However, since information on wood 
surface is not available, we derive a correction function based on empirical results obtained from 
ray-tracing model simulations performed on tree crowns with and without their wood structure. 
These simulations allowed us to directly assess the contribution of the woody material to light 
transmission as a function of leaf area (referring to the term <^(f!)-B-flh(0)-yc in Eq. (6)). 
Figure 33 shows the average transmission from the Rayspread simulations for each tree using 
five tree representations with and without their woody component. 
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• Tree without wood structure ( r/5" (0)) 
A Tree with wood structure ( Tf% (0) ) 
• Difference between with and without the 
wood structure ( T*>{0)) 
LAD 
Figure 33 - The values for Tf'^ {0) averaged over all tree representations (n=60), for each of the 
five shea trees used in this study, with and without the wood structure, as a function of crown 
Leaf Area Density (LAD). The solid line represents a 'one phase decay' function fitted to the 
data (R2=0.99). 
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When deriving the structure information from analysis of the Geoeye-1 imagery, we suggest that 
the best indicator of LAD is the observed transmission (Tllril(0)). We thus assume that the 
quantity to be added to the transmission to correct for the interception of light by woody material 
(Ti'l>'r(0)) is related to T,"",, (0). Higher (lower) measured transmissions involve low (high) 





D,r(6>) = -0.29-exp[-4.61-r/?:;(6/)]+0.29 
RMSE=0.007 
Figure 34 - Non-linear fit (R =0.99), for the five shea trees used in this study, between T^w{0), 
which refers to one minus the fraction of light intercepted by the wood structure and the crown 
foliage, and T^!r(0), which refers to one minus the fraction of light intercepted by the wood 
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structure alone. For each tree, the data is averaged over all tree representations, and the vertical 
error bars refer to the standard deviations from the averages. 
Figure 34 shows the correction to apply to the observed transmission to correct for light 
interception by the wood structure. As transmission approaches 0, the correction to apply goes to 
0 as well. Eq. (8) becomes: 
7 f (0) = exp(-LAD • Q.{0) • S • G{0)) = Tl^w (0) - 0.29 • exp [-4.61 • T\*w (0)] + 0.29 ( 10) 
The term on the right hand side of Eq. (10) corresponds to the transmission of light through the 
crown corrected for the interception of light by woody material. 
6.5.1.4. Deriving the clumping factor 
Values for the clumping factor (Q.) were derived for each of the tree crowns by fitting the results 
of Eq. (10) against the results from a 1-D semi-discrete model of transmission by Gobron et al. 
(1997), such that values of LADQ(0) from Eq. (10) (which are known a priori for each crown 
in the Rayspread simulations) match the LAD output from the 1D model for given transmission 
and path length values. The spherical leaf angle distribution was used, and the value for G(6) was 
set at 0.5. It is expected that the standard deviation in the TF+W values (cr? ) within a crown 
shadow are directly related to the level of clumping inside the crown. We suggest these standard 
deviations can thus be used as a proxy to derive values for ÇI at the crown level. Figure 35 shows 
the correspondence between the computed values of Q. for each crown and their respective a 
values and allow to derive an equation for the clumping factor Q: 
fi = l-3-o-, (11) 
As a approaches 0 (no variance between values of Tc inside the crown shadow), the clumping 
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Figure 35 - Linear fit between the average standard deviation in the T^w (0) values for each 
shadow area, averaged over all tree representations (n=60) for each of the five trees used in this 
study, and the clumping factor (Q). The vertical error bars refer to the standard deviations from 
the averages 
By integrating the equation for fi derived from the empirical relation into Eq. (I0), the later can 
then be solved for LAD using: 
-ln[7f'(0)] 
LAD = (\-3ahJ-S-G(0) (12) 
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6.5.2. Testing the method on Geoeye-1 observations 
To assess the capacity of the method calibrated in a virtual environment to estimate leaf area in 
"real" conditions, it was applied to Geoeye-1 satellite observations. The method was applied to 
the same five trees used for the TLS measurements which were located within the Geoeye-1 
image using GPS localization. 
6.5.2.1. Pre-processing 
The Rayspread simulations provide BRF values at the Top Of Canopy (TOC); to derive these 
quantities from the Geoeye-1 satellite data we need to correct for atmospheric effects, including 
adjacency effects. In such an heterogeneous environment as the savanna, and when using data 
acquired at very high spatial resolution, adjacency effects can be expected to be very important 
(Vermote 2003). Adjacency effects occur when surface areas have higher reflectance than other 
neighboring areas (such as trees and bare soil for example). Atmospheric molecules and aerosols 
scatter part of energy which was reflected by bright areas (e.g. bare soil) back down towards 
darker areas (e.g. tree crown shadows), increasing their apparent reflectance. 
The correction for atmospheric effects was applied in a two steps process: (1) converting Digital 
Number (DN) values to Top Of Atmosphere (TOA) BRFs, and (2) converting TOA BRFs to 
TOC BRFs. The first step was done by first converting DN values to radiances using Eq. (13) 
and the gain values provided along with the Geoeye-1 product, and Eq. (14) to convert radiance 
(R(X)) values to BRFs (Martonchik et al. 2000): 
R(Â) = gain(Â)DN (13) 
BRFl()M) = nR{À)dS012 (14) 
£0(/l)-cos(é?) 
where dsol is the Earth-Sun distance in astronomical units, E0(X.) is the equivalent mean solar 
exoatmospheric irradiance for the panchromatic channel [Wm-2|im-l], and 9S is the sun zenith 
angle. The correction for atmospheric effects was done using the 6S model (Vermote et al. 
1997). The input parameters used within the model for atmospheric water vapor and ozone 
content were those observed by the lERCinzana AERONET station at the time of the image 
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acquisition. Data on the spectral response of the Geoeye-1 sensor bands were obtained from 
Geoeye (Mulawa 2011). The aerosol model used was the desert model which is predefined 
within 6S, and the value for the aerosol optical thickness at 550nm was retrieved from the 
AERONET data. Figure 36 shows the linear relations between TOC and TOA reflectances for 






















Figure 36 - Results from 6S model runs expressing the relation between Top Of Atmosphere 
(TOA) and Top Of Canopy (TOC) reflectance values in the panchromatic band for the 
atmospheric and surface conditions prevailing at the time of the Geoeye-1 image acquisition. 
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6.5.2.2. Extracting the crown dimensions from Geoeye-1 imagery 
Tree crown dimensions (radius and height) can be extracted from very high spatial resolution 
imagery using various methods. For example, an automated method has been developed by 
(Song et al. 2010). In this study, we used direct measurements using distance measurements tools 
within the ArcGIS software. To assess the level of accuracy of this method, the estimates 
obtained from the Geoeye-1 image were compared against ground-based measurements of the 
same parameters and for the same trees (Figure 37 and Figure 38). In this study, we used the 
field measurements of crown dimensions, and this data is presented to provide an appreciation of 
the level of accuracy achievable when extracting crown dimensions from the Geoeye-1 imagery. 
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Figure 37 - Comparison between field measurements of crown diameter and the same variable 
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Figure 38 - Comparison between field measurements of crown height and the crown shadow 
length estimated from interpretation on the Geoeye-l imagery (R2=0.64). 
6.5.2.3. Digitizing the shadow and background areas and computing leaf area 
estimates 
When delimitating the crown shadow area, the outer edge of the shadow was excluded to avoid 
pixels having part of their FOV outside the shadow area. This follows the same rule that was 
used to digitize the shadows within the Rayspread simulations, i.e. by excluding those pixels 
which are within 1 m of the crown shadow edge. The algorithm used to compute values of 5 and 
y in Eq. (9) accounts for the exclusion of this area within the crown shadows. The background 
areas used to retrieve the denominator values in Eq. (7) were selected to avoid as much as 
possible locations affected by multiple scattering from the environment (e.g. next to a 
neighboring crown). Leaf area estimates are derived by combining Eqs. (9), (10), and (12), and 
using a value of 0.5 for G(8). 
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6.6. Results and Discussion 
Figure 39 shows the correspondence in the 'virtual' environment between the LAD estimates 
computed using Eq. (12) for values of V I B derived from the Rayspread simulations and the 
actual LAD of the virtual tree representations used. The standard deviation on the LAD estimate 
relates to (1) variations in light transmission through the crown as a function of crown 
orientation, (2) the area identified as being part of the shadow, and (3) the environment of the 
tree crown which can reflect light on the shadow area. Gaps within the crowns may let more light 
go through when a given crown is orientated in certain ways than others; this is in part taken into 
account through the clumping factor which is computed from the standard deviation of the pixel 
brightness within the shadow areas. A greater part of the variation is expected to come from the 
selection of the pixels within the shadow area, which is a choice involving a level of subjectivity 
within the digitizing process. The effect of the environment on the accuracy of this method has 
not been assessed, but could influence the results in two ways depending on the neighbouring 
trees configuration with regards to the illumination direction: (1) by blocking part of the 
incoming diffuse illumination, and (2) by reflecting light directly towards the shadow area on the 
ground. 
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LAD of virtual trees 
Figure 39 - Correspondence between Leaf Area Density (LAD) values [m /m ] of the virtual 
trees used in the Rayspread simulations and the LAD estimates obtained from eq. (12) using the 
simulated shadow intensities. The dots refer to the average of the 60 copies of a tree 
representation, while the error bars refer to the standard deviation. 
The large standard deviation associated with tree number 5 mainly originates from the fact that 
the crown lets a very small portion of the incoming light go through. This proportion is so small 
that once the contribution of diffuse illumination is removed from the observed shadow 
brightness, values of T,Dir(û) approach zero and the logarithm in Eq. (12) generates diverging 
values. Although the average LAD estimate for all tree representations is close to the actual LAD 
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of the tree, the large deviations in the results indicate that a crown LAD of 1.5 is possibly close 
to the saturation point of this type of approach. 
LAD estimates computed using Eq. (12) for IS/IB values derived from the Geoeye-1 image for 
the same five trees as above were compared to the field-based leaf area estimates obtained from 
the leaf harvesting method. Figure 40 illustrates the correspondence in this 'real world' 
environment. In a general sense there is a good agreement except for two trees: trees number 4 
and 5 which are the crowns with the highest leaf area densities. In both cases, as in all of the 
trees, there is an uncertainty related to the fact that the Geoeye-1 data was acquired in January of 
2010, while the harvesting of the leaves performed to estimate leaf area took place in February of 
2009. It was not possible in the framework of this study to acquire satellite imagery in the days 
before the field campaign; hence we relied on the assumption that the trees would grow similar 
leaf densities in 2010. This assumption could explain some of the discrepancies, since during the 
harvesting process some of the smaller branches had to be cut to retrieve leaves that were out of 
reach for the people performing the harvesting. This pruning was kept as minimal as possible, 
but could have affected the growth of leaves in those same trees during the following year, and to 
different extents from one tree to another, depending on how much needed to be cut to collect all 
the leaves. In general, a higher proportion of branches needed to be cut in the bigger and denser 
tree crowns. The impact of the harvesting of the leaves and the pruning of the branches in 2009 
on the 2010 leaf growth is unknown as it was not possible to proceed with a second field 
campaign in 2010. 
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LAD values obtained from field measurements 
Figure 40 - Correspondence between the LAD values [m2/m3] derived from direct measurements 
of leaf area on five trees performed in 2009, and the LAD estimates obtained from eq. (12) using 
the shadow intensity values from Geoeye-1 imagery acquired in 2010. 
The case of tree number 5 is one of the rare cases in the study area where the tree crown is 
actually in contact with a neighboring tree crown. This particularity could partly explain the 
reason for the underestimation of the crown LAD since light reflected from the tree crown 
located very close to the shadow area could reflect a significant amount of light towards the 
shadow area on the ground, thus increasing the intensity of the shadow and reducing the LAD 
estimate. Furthermore, given the considerable size and leaf density of this crown at the moment 
of leaf harvesting, it is believed that its branching structure was damaged to a greater extent than 
for the other trees during the leaf harvesting activities, and the leaf growth in 2010 for this 
particular tree thus could have been more affected. Given the data available, we cannot assess the 
extent to which these two factors impacted the results. 
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The effectiveness of extracting crown dimension parameters from analysis of the Geoeye-1 
image is dependent on the efficiency of the operator performing the digitizing, which can be 
improved by using training datasets. Estimating crown height from the shadow dimensions is 
expected to work better over flat areas, as is often the case in savannas. The method presented 
here uses crown height, which can be derived from tree height by subtracting the tree stem 
height. Over the 25 sampled trees in the study area, the stem height was found to be constant 
around 2 m (S.D.= 0.32 m). Errors in the method presented here are also expected to come from 
the difficulty in correcting for atmospheric effects, in particular the combined impact of 
adjacency effects (which are prominent in very high spatial resolution images of savanna 
environments) and the directionality of the incoming diffuse radiation. 
Eq. (10) used for correcting the shadow intensity for the interception of light by woody material 
inside the crown is based on empirical results from simulation runs. It is unknown how this 
would hold true for other tree species since (1) different species may develop a different wood 
structure to support a given leaf area, and (2) the level of shading of the woody material by the 
leaves could vary between species even if leaf area values are equivalent. The same holds for 
computing the clumping factor from Eq. (11), as different species present different spatial 
aggregation patterns of plant parts. 
As can be seen from Figure 39, this method is expected to produce reliable results on average, 
and may involve a higher level of error at the individual tree level. If this level of error is 'fit for 
purpose' will depend on the application for which the mapping is performed. For example, this 
could include providing input into (1) radiative transfer models to simulate the interaction of 
light with individual trees or canopies for the purpose of calibrating and validating remote 
sensing products, and (2) into land surface models to improve the production of fluxes of mass 
and energy between the atmosphere and the land surface. Further research is thus needed to 
better establish the accuracy level this type of method can attain. This could be done using either 
satellite or airborne observation with close to simultaneous ground validation measurements of 




In this study we presented a method for estimating tree crown leaf area based on crown shadow 
intensities observed by the Geoeye-1 spaceborne sensor. The method takes advantage of the fact 
that the background layer is visible in savannas due to the patchy nature of its canopies. Given 
that the background layer is sufficiently homogeneous, the ratio of a crown's shadow brightness 
to the background brightness provides a means to derive information of light transmission 
through the crown. Our approach accounts for the effect of diffuse illumination, the interception 
of light by woody material, and we have shown that the standard deviation of the shadow 
brightness can be related to crown clumping at the crown level. 
Hence, for crown shadows which are visible in a very high spatial resolution image, this method 
provides an operational alternative to traditional reflectance-based approaches such as vegetation 
indices for estimating LAI. However, the outcome of this research falls short of verifying if the 
method presented here is 'fit for purpose' towards meeting the accuracy needs of coarse 
resolution remote sensing product validation and flux tower footprint characterization. The 
uncertainty related to the source of the errors in the results presented requires further research to 
fully assess its efficiency. 
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7. Discussion 
La recherche présentée dans cette thèse représente une avancée au niveau des méthodes de 
caractérisation de la structure des arbres. Celles-ci visent une correspondance fidèle entre les 
représentations générées et les arbres eux-mêmes. Ces représentations pourront être utilisées par 
des modèles qui visent à simuler des interactions rayonnement-atmosphère-végétation avec un 
haut niveau de réalisme. Préalablement au développement de ces méthodes, les modèles devaient 
s'appuyer sur des mesures de surface foliaire ponctuelles qui peuvent difficilement être utilisées 
pour représenter la variation spatiale de leur distribution, élément capital dans la modélisation 
d'environnements hétérogènes comme les savanes. Les objectifs de la thèse étaient donc liés à un 
besoin de la communauté de modélisation en intrants pour les modèles existants. Les méthodes 
développées concernent deux volets liés à ces besoins : (1) les méthodes d'estimation de la 
distribution de surface foliaire par TLS, et (2) les méthodes de cartographie de la surface foliaire 
pour produire une information aux échelles spatiales requises. 
Il est important d'abord de souligner que les méthodes d'estimation de la surface foliaire par 
mesures TLS développées ici ont été validées par une méthode jugée très fiable (collecte des 
feuilles) par rapport à celles couramment utilisées. Une méthode généralement adoptée dans les 
études scientifiques pour valider des estimations de surface foliaire consiste à collecter des 
feuilles dans des trappes au sol au moment où elles tombent de manière naturelle. Plusieurs 
facteurs peuvent influencer les résultats obtenus par cette méthode, par exemple les conditions de 
vent. Donc l'incertitude liée à cette méthode est non seulement plus élevée, mais aussi difficile à 
quantifier. La méthode utilisée dans cette thèse implique un travail considérable et un nombre 
réduit d'arbres sur lesquels les mesures sont effectuées (fonction des ressources disponibles), 
mais offre un degré minimal d'incertitude qui s'est avéré être un élément important pour bien 
comprendre les facteurs en cause dans l'utilisation des données TLS. 
La collecte de l'ensemble des feuilles des arbres étudiés a aussi permis d'effectuer des mesures 
TLS des arbres sans leur feuillage, exposant complètement la structure de bois qui devient alors 
libre d'obstruction par les feuilles. La disponibilité de ces mesures a ouvert la voie à une 
nouvelle méthode de séparation des retours d'impulsions du TLS générés par le bois et par le 
feuillage, méthode qui est basée sur l'intensité du signal de retour enregistré. Cette séparation est 
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un élément majeur de l'innovation proposée dans cette étude par rapport aux études existantes. 
Notre étude propose une piste de solution à une difficulté présente dans les études sur la 
caractérisation de la surface foliaire des arbres depuis des décennies. Les méthodes indirectes 
existantes, que ce soit la photographie hémisphérique ou les sondes optiques comme le LAI-
2000, ne disposent d'aucun mécanisme pour distinguer le rayonnement intercepté par le bois et 
par le feuillage. Ainsi, on parle souvent dans les études d'index de surface de plante (PAI pour 
Plant Area Index) qui réfère au LAI plus l'index de surface de bois (WAI pour Wood Area 
Index), et l'information sur le LAI doit être dérivée par empirisme, à moins que les mesures 
soient répétées alors que le feuillage est absent (Kucharik et al, 1998). 
Le deuxième élément important de cette première partie de la thèse se situe au niveau de 
l'analyse des effets d'occlusion. Tel que mentionné en introduction à l'article présenté au 
chapitre 4 (§ 4.1.1), les travaux sur les données TLS s'inspirent des travaux de Hosoi et Omasa 
(2006) qui ont développé un cadre théorique rigoureux permettant d'exploiter la méthode de 
Warren Wilson (1959) dans le traitement des données TLS pour en tirer des estimations de la 
surface foliaire. Les auteurs avaient poussé leurs développements à un stade qui ne permettait 
que de traiter exclusivement des arbres de petite taille balayés par des mesures TLS provenant de 
plusieurs points de vue. Cette configuration minimisait les effets d'occlusion qui demeuraient à 
un niveau acceptable. Dans l'application de ce type d'approche à des arbres de grande taille, une 
nouvelle méthode devait être développée. À défaut de pouvoir représenter chaque feuille 
individuellement, toute méthode d'estimation de la distribution de surface foliaire doit s'appuyer 
sur un volume d'échantillonnage. L'approche que nous avons proposée émane des travaux de 
Durrieu et al. (2008) portant sur l'index de densité de végétation, où le volume d'échantillonnage 
réfère à un voxel ayant une longueur de côté de Tordre de 30 cm. Cette taille de voxel, plus 
grande que celle utilisée par Hosoi et Omasa (2006) qui était de l'ordre de quelques millimètres, 
offre un moyen d'aborder les situations où certaines régions d'un volume ne sont pas traversées 
par les impulsions laser du TLS. Notre étude présente une démarche permettant ainsi de traiter 
des arbres de grande taille et de gérer les effets d'occlusion qui sont, et possiblement 
demeureront, inévitables dans les mesures TLS des couverts à densité de feuillage élevée. Les 
deux approches théoriques dominantes pour l'estimation du LAI, la fréquence de contact 
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(Waiien Wilson. 1959) el la probabilité de transmission de ia iumière (Monsi et baeki, 1953; 
Monsi et Saeki, 2005), ont été adaptées aux mesures TLS aux chapitres 4 et 5 respectivement. 
Le diamètre de la sonde est un élément majeur à considérer dans l'une ou l'autre des deux 
approches théoriques d'estimation de la surface foliaire mentionnées plus haut. Bien entendu 
lorsque la transmission de lumière est mesurée en utilisant le rayonnement solaire ceci ne 
s'applique pas. Dans le cas des impulsions émises par un TLS, on doit tenir compte de l'effet du 
diamètre de coupe transversale de l'impulsion sur le nombre de contacts ou la transmission de 
lumière observé. Cet effet varie en fonction de la taille et de la forme des feuilles; plus la feuille 
est petite et allongée, plus l'effet est important. Dans la première partie de cette thèse, nous 
présentons une démarche pour développer une fonction utile pour la correction de cet effet, et 
nous avons aussi développé une série d'équations paramétrées permettant d'obtenir une fonction 
de correction pour une gamme de configurations de feuilles donnée. L'utilisation d'un modèle de 
lancer de rayons dans ce contexte est un élément innovateur et l'approche développée offre une 
solution à ce problème qui n'avait pas été traité avant la publication de notre étude. 
Dans le traitement des cas où les effets d'occlusion sont importants, nous avons démontré qu'en 
dessous d'un seuil critique de fraction de volume d'un voxel exploré (entre 15 et 20%, voir la 
Figure 11), une valeur fiable de surface foliaire ne peut être obtenue à partir des mesures TLS 
seulement. Pour ces cas, nous avons présenté un modèle pour extrapoler une valeur de densité de 
feuillage à partir des conditions de lumière qui prévalent à l'intérieur du voxel insuffisamment 
exploré. Pour arriver à paramétrer ce modèle, nous avons démontré qu'il existe une relation entre 
la quantité de lumière disponible à un endroit dans la couronne et la quantité de feuillage qu'un 
arbre peut produire (voir la Figure 12). Ce modèle représente une solution originale et viable 
pour les cas où suffisamment d'information est disponible pour établir cette relation, ce qui peut 
ne pas être le cas par exemple des couverts denses pour lesquels les mesures TLS procureraient 
une information limitée sur la couche supérieure de la canopée. 
La deuxième partie de l'étude est liée à la question suivante : comment représenter la distribution 
spatiale de surface foliaire aux échelles requises par les modèles simulant les flux d'énergie, 
d'eau et de carbone? Bien entendu ces processus prennent place à des échelles variables, de la 
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cellule d'une feuille au biome. Mais ce qui détermine i*écheiie à laquelle on doit être en mesure 
de caractériser les éléments de surface qui influencent ces processus est lié à l'échelle à laquelle 
nous effectuons les mesures requises pour étendre notre compréhension de ses implications à 
l'échelle globale. Les mesures en question sont de deux natures : (1) les mesures des échanges 
gazeux entre l'atmosphère et la surface (effectuées à partir des tours de flux), et (2) les mesures 
optiques de télédétection à moyenne résolution avec une capacité de couverture quasi globale. 
Dans les deux cas, on doit être en mesure de caractériser les propriétés de surface pour des 
superficies de l'ordre de 10-100 ha, et avec un niveau de détail aussi élevé que possible pour 
réduire au minimum les sources d'incertitude dans les variables d'état des modèles. De plus, 
dans le cas des milieux hétérogènes comme les savanes, il est généralement admis par la 
communauté scientifique qu'il est important de tenir compte des effets 3D dans la modélisation 
des flux (Kobayashi et al, 2012). 
L'étude présentée dans cette partie de la thèse constitue la première approche publiée permettant 
de cartographier par télédétection la distribution de surface foliaire à l'échelle de l'arbre 
individuel, et pour des superficies répondant aux besoins mentionnés ci-haut. Une importante 
partie des travaux impliqués dans cette recherche portent sur l'utilisation de simulations 
produites à l'aide d'un modèle de lancer de rayons (par exemple le modèle Rayspread utilisé ici) 
pour paramétrer un modèle guidant l'interprétation d'une image satellitaire. Ce type d'outil, que 
l'on peut qualifier de laboratoire virtuel, représente une ressource prometteuse pour permettre à 
la communauté de recherche en télédétection d'évoluer d'un modèle empirique d'interprétation 
des observations vers un modèle basé sur les principes de la physique. Ceci entre autre parce que 
le laboratoire virtuel permet de connaître et de contrôler les variables d'une expérience, et offre 
d'isoler et de caractériser l'impact de certaines variables sur une quantité observée. Par exemple, 
connaissant exactement la quantité de feuillage et de bois dans une couronne, on peut isoler la 
contribution du bois à l'interception de lumière par la couronne, et ainsi caractériser le rôle de la 
structure de bois dans les processus de dispersion de la lumière. 
Cette approche d'expérimentation à l'intérieur d'un laboratoire virtuel a été utilisée dans la partie 
de la thèse portant sur la cartographie de la surface foliaire. Elle nous a permis d'étudier et de 
mieux comprendre le rôle de la structure de bois dans l'interception de lumière, ainsi que l'effet 
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de iagrégation (ou clumping) du feuillage sur ia transmission de iumière à travers une couronne. 
Bien que l'approche soit innovante et que les résultats présentés indiquent qu'elle offre une 
avenue prometteuse, cette étude comporte un certain nombre de limites. Comme la méthode 
requiert d'avoir une vue de l'ombre projetée au sol par la couronne, celle-ci ne s'applique qu'aux 
environnements boisés suffisamment ouverts et imagés au moment propice (phénologie et angle 
d'élévation solaire). La limite de densité du couvert arboré pour laquelle la méthode est 
applicable demeure à être investiguee. Une autre limite de l'étude provient du nombre réduit 
d'arbres disponibles pour valider son efficacité, des considérations liées à certains des arbres 
utilisés et au décalage entre le moment d'acquisition de l'image satellite Geoeye-1 et de la prise 
de mesures sur le terrain. Dans cette étude, nous présentons donc des résultats qui indiquent que 
davantage de recherches devront être menées dans cette voie. 
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8. Cuiîciiisiuii 
Les modèles et méthodes développés dans le cadre de cette thèse représentent une avancée dans 
notre capacité à mesurer et à représenter la distribution de surface foliaire des arbres dans un 
environnement de savane. Nous avons exploré l'utilisation de deux technologies de pointe, soit 
les scanneurs LiDAR terrestre (TLS) et les modèles de lancer de rayons, ainsi que les synergies 
entre ces deux technologies pour proposer des éléments de réponse appropriés à certaines limites 
des méthodes actuellement disponibles. La thèse peut être divisée en deux parties liées aux 
objectifs de la thèse; la première concernant le traitement des mesures TLS pour estimer la 
surface foliaire à l'échelle de l'arbre individuel, et la seconde utilisant les représentations 
obtenues dans la première partie et un modèle de lancer de rayons pour établir des relations entre 
les propriétés des couronnes et leur ombre au sol pour effectuer une cartographie de la surface 
foliaire sur de grandes surfaces. 
Dans l'ensemble, les objectifs de la thèse ont été atteints; une méthode d'estimation de la 
distribution de surface foliaire par mesures TLS a été proposée et validée, de même qu'une 
méthode de cartographie de la surface foliaire pour de grandes superficies. Les avancées 
accomplies ouvrent la voie à un certain nombre de perspectives, qui sont principalement en lien 
avec quatre aspects : (1) validation des estimations de surface foliaire à l'échelle du voxel, (2) 
extension de la caractérisation de la distribution de surface foliaire par TLS de l'arbre individuel 
à de plus grandes surfaces, (3) couplage des méthodes de traitement des données TLS présentées 
dans cette thèse à d'autres méthodes utilisant des approches différentes, et (4) intégration des 
données de cartographie de la surface foliaire dans un modèle de transfert radiatif. 
Les méthodes développées pour estimer la surface foliaire ont été validées à l'échelle de la 
couronne. Cependant, la précision des estimations à l'échelle du voxel n'a pas été investiguée et 
demande davantage de travaux. Ceux-ci pourraient conclure sur le besoin d'améliorer la méthode 
pour s'assurer qu'aucun biais lié à l'une ou l'autre des étapes d'acquisition ou de traitement des 
données TLS n'affecte de manière excessive les résultats à l'échelle du voxel. 
Le potentiel des mesures TLS pour caractériser la distribution de surface foliaire a été clairement 
démontré dans cette thèse. Les méthodes développées pour des arbres individuels peuvent très 
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bien être étendues pour permettre de couvrir de plus grandes surfaces, répondant ainsi au besoin 
de modèles qui étudient les processus terrestres. Les plus grands défis dans cette voie 
proviendront des aspects logistiques impliqués dans l'acquisition des données sur le terrain, et 
dans le traitement de l'immense quantité de données qui seront générées. Considérant la 
résolution spatiale des mesures TLS (typiquement une distance de 1 cm entre deux impulsions 
consécutives à une distance de 20 m de l'instrument), il devient évident que la quantité de 
mesures générées par la couverture de grandes superficies devient considérable, même pour les 
capacités actuelles des ordinateurs. Des solutions devront donc être développées pour gérer le 
volume de données, et l'utilisation d'une infrastructure de calcul scientifique (comme le système 
Mammouth de l'Université de Sherbrooke par exemple) devra possiblement être considérée. 
Des études sont en cours pour évaluer l'impact d'utiliser une représentation de la surface foliaire 
et de la structure de bois pas voxels plutôt que par éléments discrets. Dans le cas d'une 
représentation par éléments discrets, tout le matériel végétal est représenté à l'aide de primitives 
géométriques. Chacune des feuilles d'un arbre est donc représentée individuellement à partir 
d'une série de triangles adjacents, ou bien une ellipse, selon de la forme des feuilles. Un exemple 
de méthode produisant ce type de représentation est le modèle développé par Côté et al. (2011). 
Ce modèle en particulier n'est pas en mesure à l'heure actuelle d'estimer la surface foliaire, mais 
requiert plutôt qu'une valeur soit fournie au modèle en intrant. Il existe donc un fort potentiel, et 
aussi un intérêt scientifique significatif, de coupler ces deux modèles pour produire les 
représentations d'arbres les plus réalistes disponibles à l'heure actuelle. 
Dans la deuxième partie de la thèse, nous démontrons l'utilité d'un modèle de lancer de rayons 
pour effectuer des simulations sur la transmission de rayonnement solaire à travers des 
couronnes d'arbres. La majorité des méthodes d'estimation de la surface foliaire développées 
depuis les années 50 utilisent la probabilité de transmission de lumière comme base théorique. 
Cette probabilité est influencée par deux éléments majeurs qui représentent le défi principal de 
l'utilisation d'une théorie initialement développée pour des applications en chimie dans un 
contexte de description des propriétés biophysiques des arbres : (1) la présence d'une structure 
de bois, et (2) l'agrégation du feuillage autour des tiges. Ces deux éléments impliquent des 
erreurs provenant du fait que le feuillage n'est pas le seul élément à intercepter la lumière, et que 
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les feuilles ne sont pas distribuées aléatoirement dans le volume d'une couronne. L'es éléments 
interagissent dans leur façon d'influencer la transmission de lumière et les méthodes existantes 
ont beaucoup de difficulté à séparer la contribution de l'une et de l'autre, et ainsi à effectuer une 
correction appropriée. Nous avons abordé ce problème dans cette partie de la thèse en présentant 
une approche innovante qui a démontré le potentiel du couplage de mesures TLS avec un modèle 
de lancer de rayons. À notre connaissance, aucune autre étude utilisant une approche similaire 
n'a été publiée à ce jour. Dans deux études, soit celles de Môttus et al. (2006) et Chen et al. 
(2008) on a utilisé un modèle de transfert radiatif pour étudier l'effet du dumping sur la 
transmission de lumière, mais seulement à l'échelle de la canopée, alors que nos observations 
portent sur l'effet du dumping à l'échelle de la couronne. L'étude que nous présentons ici 
représente donc un regard différent sur un problème bien connu. 
Tel que mentionné plus haut, la méthode développée devra faire l'objet d'une validation plus 
approfondie pour être en mesure d'apprécier son efficacité et, le cas échéant, les améliorations 
appropriées à apporter. Une fois validée, l'information fournie par l'application de cette méthode 
à grande échelle sur une image à très haute résolution spatiale permettra de représenter avec 
davantage de réalisme la distribution de surface foliaire dans les modèles de transfert radiatif 
pour les environnements ouverts. Le gain principal que permet cette avancée est de réduire 
l'incertitude liée aux simplifications des représentations fournies aux modèles actuellement 
imposées par notre capacité limitée à produire des représentations détaillées et fidèles à la réalité. 
Ce type d'approche nous permettra de mieux comprendre les phénomènes en cause dans la 
transmission du rayonnement solaire à travers une canopée, et ainsi d'améliorer les algorithmes 
d'interprétation des observations dans le domaine optique. 
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